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Hot-Spin Tests of Bladed Jet-Engine Rotors 


By H. B. SALDIN! ann P. G. DEHUFF, JR.,2 SOUTH PHILADELPHIA, PA. 


The creep-rupture and ductility characteristics of mate- 
rials are of utmost importance to the designer of high- 
temperature rotating parts. The authors have pointed 
out the significance of ductility of materials used for gas- 
turbine disks. Four-bladed disks were tested in a facility 
that was designed to spin the rotors in as near engine op- 
erating conditions as possible. These parts were tested in 
accordance with a predetermined schedule of temperature 
gradient, temperature, and speed. Test results are an- 
alyzed, and a discussion of the advantages and the design 
of such a facility is also included. 


INTRODUCTION 


REEP-rupture tests are of value in determining the life of a 
given material under variable loads and temperatures. 
When it comes to evaluating the relative merits of mate- 
rials suitable for use as jet-engine turbine disks, more complete 
testing is necessary. To be considered are the stresses due to 
thermal gradients and rotation; the effect of bolting restrictions 
and notches; and, related to all of these, the effect of ductility. 
Of particular significance is this intangible ductility. Most disk 
materials are very ductile at room temperature, but some are 
much less ductile at elevated temperature, and some materials 
have little or no hot ductility after processing. Designers know 
that many of the currently used materials can be processed to 
have high strength with low ductility or low strength with high 
ductility. There has always been uncertainty of the mini- 
mum ductility for safety in a given application. One of the 
main functions of disk testing is to help evaluate this “strength 
versus ductility” situation. 

Careful examination of the possible methods for selecting and 
testing disk materials revealed that the operation of bladed disks 
in an engine or under similar conditions would be the best way of 
combining the many variables into one test. 

An analysis was made of the advantages and disadvantages of 
running bladed disks in an actual engine. The advantages are as 
follows: 


1 Represents identical conditions to normal engine running. 
2 No additional equipment needed. 


The disadvantages included the following: 


Optimum personnel safety is difficult and costly. 
Costly engine damage in case of a wreck. 
Rotational-speed limitation by other engine parts. 
High operating cost. 

Temperature measurements difficult. 

Design and configuration inflexible. 

Little independent control of variables. 
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8 Excessive change-over time. 
9 Difficulty in repeating test conditions and results. 


10 Measurements of creep are difficult without extensive 
engine teardown. 


A quick glance at the foregoing analysis shows that although a 
bladed disk could be run in an engine for varying periods of time, 
there are not many conditions which can be varied during engine 
operation. Speed cannot be increased without seriously over- 
loading other parts of the engine, particularly the turbine blades. 
The other items such as high cost and poor control of test condi- 
tions are additional cause for looking at a separate hot-spin test 
pit as the best method of performing the tests. 

In 1946 N. L. Mochel (1)? discussed the problem of hot 
ductility in gas-turbine rotors and pointed out the need of evalu- 
ating this material property in a hot-spin test pit. 

Mr. Fonda (2) has outlined a series of tests in which unbladed 
disks have been spun cold to destruction. It is the purpose of 
our hot-spin test pit to spin disks fully bladed and at the tempera- 
ture of normal engine operation under conditions where disk 
growth and behavior can be observed accurately up to and in- 
cluding disk failure. 

There is another hot-spin disk test pit in operation at the 
author’s company laboratories in East Pittsburgh, which is en- 
gaged in the exploration of fundamental disk design including the 
effect of high temperatures. This series of tests is aimed at cor- 
relating theoretical disk calculations with actual tests of un- 
bladed disks. The Aviation Gas Turbine Division tests are pri- 
marily for evaluating materials and design for engine applica- 
tion. 


Trst-Pir DESIGN 


Late in 1945, after the Aviation Gas Turbine Laboratory (8) 
was in existence and an operating branch of the Aviation Gas 
Turbine Division, it was decided to build a disk test pit for de- 
velopmental testing. 

Among the primary requisites of a test pit are safety, ease of 
assembly and disassembly, a minimum of parts that need repair 
or replacing after disk failures, and low power requirements. 

During our investigations prior to the design of the pit, we 
found there was quite a divergence of opinion as to what was 
adequate safety protection. Our test pit was located on the 
ground floor of the building where the rotating test disk could be 
operated entirely below ground level. The hole was lined with 
15 in. of reinforced concrete, this being a very easy way of ob- 
taining a large amount of protection from disk explosions. In 
order that the disk fragments might be stopped in a wall some- 
what easier to repair, two walls of 21/, in. of laminated steel plate 
were placed inside the concrete, each wall consisting of 9 layers of 
1/,-in. plate. Then in the hope that the disk fragments might be 
stopped by some material less damaging to the disk fractures, a 
41/,-in. wall of radiused lead brick was laid inside the laminated 
steel. This was viewed as ample protection with a very large 
factor of safety to take care of all the contingencies, even in- 
cluding those indicated by reports that would make it seem al- 
most a hopeless task to stop the disk fragments. As clearly in- 
dicated in the sectional view of the test pit, Fig. 1, considerably 
less protection was provided from ricocheted fragments which 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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might go up, than in any other direction. This was augmented 
by an armor-plate cover which was used until experience indicated 
it was not necessary. The disk failures have proved that our 
safety precautions were adequate, and that the additional armor 
over the top was unnecessary. Experience indicates that frag- 
ments of the disk penetrate only about 1/3 to 1/2 the thickness of 
the lead brick, Fig. 2. 

The lowest practical absolute pressure is maintained in the 
test pit to reduce the power to a minimum required to rotate the 
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test disk at high speed. Referring to Fig. 1, there is indica 
the large steel shell just inside the lead-brick wall which forms 
vacuum wall for the test pit. This shell is considered sem 
pendable and holes made from bursting disks are repaired, 
the shell used again. 

The assembly thus far described constitutes the station 
elements of the test pit. The complete test assembly is moun 
on the cover for the vacuum tank, which is easily removed fr 
the pit by a motor-operated monorail crane. The edge of 


TACHOMETER GENERATOR 
DAMPER BEARING ¢ VACUUM SEAL 


OIL ORAIN TANK 


Fig. 1 Lonerrupinau Srction or Hot-Sprrin Test Prr 


Fie. 2 Typican Trst Pir Watt Damage 


F 


SALDIN, DeHUFF—HOT-SPIN TESTS OF BLADED JET-ENGINE ROTORS 


dished cover has a lip which rests on a heavy rubber gasket to 
make the vacuum seal with the large tank. 

There are many considerations which dictate the use of a 
vertical drive, principally the simplicity with which the whole 
assembly can be mounted and handled. With the use of special 
jigs and fixtures, the assembling and dismantling of the test as- 
sembly are easily accomplished by one skilled mechanic. 

The driving turbine was machined from a solid forging and is 
mounted on one air-oil-mist lubricated ball bearing, indicated as 
the main bearing in the sectional view. The blade sections were 
milled into the outer periphery of the disk, with nozzle passages 
arranged around the disk and drilled in to the inlet casing. The 
turbine rotor was drilled to receive a 7/,6-in. drill rod for driving 
the test disk. The drive shaft is attached to the turbine rotor by 
a simple pin arrangement near the top of the assembly, making it 
very easy to assemble the rotating parts. The drive shaft is 
attached to the test disk, and this assembly is put in place by 
sliding the drive shaft through the damper bearing and turbine 

_ rotor, then inserting the pin. 

With the rotating elements in place, the lower half of the electric 
furnace is lifted into place and secured. The complete assembly 
‘is then ready for lowering into the test pit. A very good vacuum 
seal is of course necessary where the drive shaft passes through 
the vacuum cover. It was also found necessary to have some- 
thing of a damper bearing on the otherwise one-bearing system to 
avoid large-amplitude vibrations at the first and very low critical 
speed. These two functions were combined. The damping ar- 
rangement was accomplished by placing the flange of the bearing 
shell on a flat surface and forcing these contact surfaces together 
with a nominal load applied with several compression springs. 
This allows the shaft and bearing to move if the vibration force is 
large enough, thus dissipating the energy in friction between 
these surfaces. The vacuum seal is accomplished simply by using 
a very close-fitting babbitt-lined bearing on the journal. This 
complete assembly is flooded with oil to prevent air leakage into 
the pit, and the oil which leaks through is thrown into a small 
reservoir around the shaft by an oil slinger, and piped away to the 
bottom of the pit to a water-cooled oil tank. It was found neces- 
sary to keep the oil cold to prevent vaporization at the very low 
pressures existing within the vacuum chamber. 

The drive turbine was designed to operate on either 250-psig 
steam exhausting to 5-psig back pressure or 100-psig shop air, 
exhausting to atmosphere. To date practically all operation has 
been on air because of the greater convenience, but as test as- 
semblies become too large, it is possible to revert to the steam 
power to obtain the greater driving power necessary. 

The turbine element itself was designed to operate up to 60,000 
rpm. It is protected by an electrical overspeed trip as part of the 
tachometer system (Standard Electric Time chronotachometer), 
and by a mechanical overspeed trip in case of a tachometer- 
generator failure. The electric trip is easily adjusted for varying 
operating conditions. 

The test disk suspended from the drive shaft is enclosed in a 
refractory-lined electric furnace. The resistance-type heating 
elements are located above and below the path of rotation of the 
turbine blades. Each heating element is supplied with direct- 
current power from a “‘Flexarce”’ welding set, which affords ex- 
cellent control of the power distribution. Brown Instrument 
Radiamatic radiation pyrometers are used to detect the disk tem- 
perature. The temperature gradient of the disk is measured by 
using four pickups focused at four radial positions on the disk, 
one on the rim, one on the center of the hub, and the other two on 

’ the profiled section of the disk. 

For testing where large temperature gradients are desired, 
water-cooled coils of copper tubing are placed in a plane just 
above and just below the body of the disk. Each turn in the 
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cooling coil is controlled separately to give complete flexibility 
of control of the temperature gradient. 

In order that there be a uniformity of the emissivity of the test 
disks when using the radiation pyrometers for temperature de- 
tection, the disks are painted with Thurmalox No. 7 and heated 
to 1200 F in a temperature-controlled furnace to drive volatile 
matter from the paint. The radiation pyrometers are calibrated 
by making a complete test assembly, and, in addition, placing 
several thermocouples against the surface of the disks and eali- 
brating with the disk stationary. The vacuum chamber is 
evacuated to operating pressure in order to include the effect of a 
low-density atmosphere on the pickups. The radiation pickups 
are water-cooled to isolate them from the high ambient tempera- 
tures within the pit. 

Babcock and Wilcox Kaocast castable refractory is used for the 
furnace lining. The exposed surface of this material is painted 
with Johns Manville’s Hellite to prevent dusting which upsets 
the pyrometer readings. It is of interest to note that these fur- 
nace elements must be cured for several hours with a temperature 
of 1200 F, in order to drive off all of the water in the refractory. 
Failure to do this results in loss of vacuum because of large 
quantities of water which accumulate in the pit during such a 
run. 

The working space available in the pit (inside the vacuum wall 
shown) is 45 in. diameter and 33 in. deep. If a high-temperature 
test is to be run, the available working space is reduced by the 
space necessary for the furnace. The over-all depth can be in- 
creased to 6 ft by changing the vacuum tank. 

A Kinney vacuum pump is used to evacuate the pit. The seal 
oil is supplied by a small gear pump, and a small amount of cool- 
ing water is supplied from the laboratory water system. 

The temperature of the disk is controlled manually by ad- 
justing the current setting of the welders and noting the tempera- 
ture of the disk, the temperature of the heating-element ni- 
chrome ribbon, and the current flow to the heating elements. These 
quantities are indicated on instruments conveniently located to 
give the operator sufficient guidance to control the disk tempera- 
ture properly. A Brown “Electronik” strip-chart recorder is 
used to indicate the disk temperature, and a Leeds & Northrup 
“‘Micromax’’ strip-chart recorder is used to indicate the heating- 
element temperature. 

Tn addition to controlling the disk temperature and maintaining 
the lowest possible absolute pressure in the pit, the only other 
variable needing control is the disk speed. This is accomplished 
by taking an electrical signal from the Standard Electric Time 
tachometer circuit and feeding it into a Brown Electronik Air-o- 
Line recording controller. This in turn controls the position of 
an air-actuated throttle valve in the turbine-inlet line. Failure of 
eitl ar air or electrical power closes this valve. 

These controls, along with several small flowmeters, tempera- 
ture indicators, and valves to control the water flow to cooling 
coils, a manometer to indicate pit vacuum, and a tachometer to 
measure speed accurately are mounted on a panel in an adjoining 
room to the test pit. The test pit can be viewed clearly through a 
tempered plate-glass window which reduces the noise level in the 
operating room. 

In order to eliminate the teardown and assembly time after 
each run, usually 5 hr, a long-focal-length microscope, Fig. 1, 
was purchased from Bausch and Lomb and is being placed in 
service. This will make it possible to record disk growth while 
the disk is running. 


Trst PROCEDURE 


For the purpose of evaluating many different types of ma- 
terials in the shortest possible time, it was decided to standardize 
on the conditions of time and speed. Inasmuch as the military 
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running speed of the jet engine using this disk configuration is 
12,500 rpm, it was decided to start the test at 12,000 rpm and 
increase the speed 500 rpm at each time interval of 5 br. In this 
way the relative merits of each different disk material could be 
judged on an equal basis. This rotational speed results in stresses 
in the disk as indicated in Fig. 3. Jet-engine operating conditions 
were duplicated as closely as possible by using an actual turbine 
disk 13 in. diam, approximately 1 in. thick, and with a 4-in. bolt 
circle, and temperature gradients similar to those encountered in 
engine operation. These were established as 1200 F at the pe- 
riphery and 1050 F at the center, Fig. 4. 
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Each disk was measured carefully on the outside diameter and 
bolt-circle diameter with a micrometer, while a vernier caliper 
was used to check the diameter between trammel points at 
approximately 1/2. radius. Measurements were made 180 deg 
apart on the upper disk face (toward the top of the test pit). 
Distortion of the lands between blades was studied by means of 
an electric comparator mounted on a height gage. 

Before each new-type disk was run, a correlation was obtained 
between the disk temperature as measured by thermocouples 
placed against the stationary disk and the radiation pyrometers. 
The test was begun by heating the disk to the desired tempera- 
ture while rotating at a low speed of 4000 rpm. This took about 
11/, hr after which the disk speed was increased rapidly to the 
desired level and held there for 5 hr. The disk was allowed to 
cool to room temperature before making any measurements. 

Cast turbine rotating blades were taken from the same batch 
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as those used for production engines and inserted in the groove : 


of the disk. 

The first material selected for testing was quite naturally thi 
standard material for aviation gas turbines built by the author’ | 
company, i.e., 19-9-DL conforming to AMS-5521. This is } 
hot-cold worked material, stress-relieved at 1200 F, so that thy 
final hardness of the disk is 229-255 Bhn. It passed both as 
x-ray and reflectoscope test. The disk was forged by the Wyman 
Gordon Company. 

The second disk tested was also a 19-9-DL material hot-col¢ | 
worked and stress-relieved at 1200 F, but in this case the Brinel 
hardness was 285-311, which is dedaiderstty above the range o} 
228-269 required by AMS-5521. This disk was forged by nd 
Midvale Steel Company to our instructions to develop a higt | 
strength and low hot ductility. | 

The third disk was also a standard material but not in engines} 
of the author’s company. It was a 16-25-6 Timken alloy, solu: 
tion-treated and cold-forged to a hardness range of 240-300 Bhr 
by Canton Forge Company. This particular hardness wa 
standard practice at the time these tests were started but currenif 
practice is somewhat lower. Brinell range of the disk being] 
tested was 262-293, except for one spot at the center of the bey 
which was 217. 

The fourth disk selected for testing was the material widely | 
used in Great Britain, G18B. This material was hot-cold-worked} | 
to a Brinell hardness of 235-255 and was forged by the cnet 
Steel Company. The processing of this disk was not in line wit 
current practice, but an early attempt to duplicate the Brits 
material. 

The chemical analysis and physical properties of the foregoingy) 
materials are listed in Tables 1 and 2. 


| 


i 


Test RESULTS | 
| 
i] 


Table 3 shows the growth, speed, and time of operation of eac Hl 
disk. In Fig. 5 the growth of the outside diameter of the disks ig} 
plotted against time. All disks were spun at increasing speeds 
(500 rpm faster each 5 hr) until failure occurred. Exceptions} 
were made of the standard 19-9-DL disk and G18B, where, be 
cause of fairly rapid growth toward the end of the test, the speed i 
was held constant and the time increased. H 

Standard 19-9-DL. Failure occurred after a total time of 54.7H) 
hr, and after a speed of 15,500 rpm had been reached. A tota 
growth of the outside diameter amounting to 0.122 in. had oc] 
curred before a turbine blade pulled out of the disk. Figs. 6, 7{} 
and 8 show the mechanism of failure through plastic flow of the} i 
disk lands as well as the condition of the disk at failure. This} 
metal flow allowed the blade to slip out of position, and unbalane i 
the disk, which sheared the drive shaft. It is to be noted that not} 
only had the blade slipped out of the disk lands but simultane } 
ously many small cracks were appearing elsewhere in the disk, 
Table 3 also shows that many blades were becoming quite loose 
prior to failure. il 

Warning of impending failure was obtained in the followingy! 
ways: 


1 Rapid and large increase of the outside diameter of thei 
disk. 
2 Blade looseness. } 


3 Small cracks at various locations on the disk. 


The ductility of this disk even after testing was quite hig ! 
and showed room-temperature elongations of 23-29 per cent andl 
a high-temperature elongation of 26 per cent. 
Cold-Worked 19-9-DL. This disk failed as shown in Figs. 9 
and 10, after a total time of 27 hr and after reaching a speed of} 
only 14,000 rpm. The total disk growth was only 0.011 in. This} 
failure was a very brittle break in which titanium nitrides were}} 
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TABLE 1 CHEMICAL COMPOSITION, HARDNESS, AND MILL HISTORY 
Chemical composition Brinell Hardness 
Material 
c Mn si Fe Ni Cr Mo Ti Ww Co Cb Rim 1/2 Radius Center 
19-9-DL 
eee -30 1.07 .60 Bal 8.30 16:86 1.34 .39 2.01 46 255 235 229 
255 241 235 
19-9-DL 30 1.09 68 Bal = 
. . . 9.32 19. . . 
BagstooeinG 3: 9.30 “1.08 43 1.54 -49 Se EOS aa haa 
Timken SOSF stave 37 Bal 24.1 
. . -10 16. . 
Beeson 6.48 6.62 289 269 *217 
293 285 262 
G-18-B -39 1.08 .82 Bal 14.80 14.88 2.80 3.01 11.42 2.98 235 241 241 
241 255 
Mill History 
19-9-DL Hot cold worked at temperature above 1350°F. Stress relieved at 1200°F 
Standard : 
19-9-DL Hot cold worked at temperature above 1350°F. Stress relieved at 1200°F 
Cold Worked ; 


Timken 16-25-6 Solution treated and cold forged. 


G-18-B Upset forged to thickness 15% oversize. 


Reheat to 1300°F. for final hot-cold working to size. 


Stress relieved 1200°F., 6 hours air cooled. 


* One spot at dead center—217. 


TABLE2 PHYSICAL PROPERTIES OF TURBINE DISKS AT ROOM AND ELEVATED TEMPERATURE 


Tensile Yield 
Strength Strength 
-2% offset 
Std. 19-98-DL 
Production Disc of 130, 000 77, 000 
Same Hardness as 
Test Disc 
i¢-—9-DL Tangential 114,250 81,000 
Disc after 5 114,750 80,750 
Testing Radial 116,500 82,500 
- 115, 750 80, 500 
Cold Worked Tangential 149,000 112,500 
19-9-DL z 150, 500 112,500 
Dise after Radial 150, SO 113,750 
Testing fn 148,250 112,500 
Timken 16-25-6 Tangential 131,000 8,200 
Disc after Ms 130, 000 99,600 
Testing Radial 129, 000 96,800 
re 130,000 96, 400 
Timken 16-25-68 121,000 99,250 
Dise similar to disc tested 
Specimen 1" from center 
G-18-B Disc Tangential 122,000 98,000 
Similar to 1" from 
Dise Tested center 106,000 89, 000 


found at the point of failure. These could have acted as points of 
stress concentration which in a brittle material such as this could 
have promoted failure. 

It is to be noted that failure was sudden and without any of the 
warnings provided by the standard disk. This disk had a room- 
temperature elongation of 15-17 per cent in radial specimens 
taken after completion of the test, but only 2.25 per cent elonga- 
tion in high-temperature tests, as shown in Table 2. 

16-25-6 Timken Disk. After 50 hr and after reaching a speed 
‘of 16,500 rpm, this disk disintegrated. With a total growth of 
only 0.020 in. this disk literally “burst’’ into many pieces as 
shown in Fig. 11. The disk had a room-temperature elongation 
of only 9 per cent in radial test specimens taken after completion 


Elong. Reduction Stress for Creep to Elongation 
ines of Area Rupture at 50 hrs.; at Rupture 
1b/sq.in.; 1200°R. 
29% 38% 41,000 26% 
22.8% 24.1 
27.4 25.8 
28.2 20.6 
28.8 33.1 
17.6% 25.7 50,000 2.25% 
16.4 24.8 
16.5 25.4 
15.6 24.4 
9.8 10.8 
11.2 16.0 
9.6 14.6 
10.4 14.6 
3.6 7.0 50, 000 3% 
15 21 
5 8 55,000 11% 


of the tests but only 3 per cent in high-temperature tests. The 
blocks shown in Fig. 11 were used instead of blades to apply 
load to the disk because of premature failure of the blades over 
15,500 rpm. The stress on the disk was the same with the blocks 
as with the blades. 

G-18-B Disk. After 37.5 hr operation and a total growth of 
0.023 in. the test was stopped at a speed of 15,000 rpm. Because 
rapid growth was taking place, an additional run of 5 hr at the 
same speed was made. This caused the growth to continue at a 
rapid rate to 0.033 in. at which time the test was halted in order 
to prevent a wreck. The disk was showing the same rate of 
growth as the standard 19-9-DL disk but do:ng so at a slightly 
lower speed. 
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TABLE 3 DISK GROWTH AND BLADE LOOSENESS 
19-9-DL Standard 19-9-DL Cold Worked Timken 16-25-86 G-18-B 
Growth No.of Growth No.of Growth No.of Growth No.of 
SPEED Time OD 1/2R Land Loose Time OD 1/2R Land Loose Time OD 1/2R Land Loose Time OD 1/2R Land Loose 
RPM Blades Blades Blades Blades 
12,000 5 .000 .000 .001 10) 5 .008 .001 .002 2 5 No 5 No 4 
12,500 5 .000 .000 .002 fe) 5 .005 .002 .003 2 5 Measurements 5 Measurements 4 
13,000 5 .000 .001 .002 te) 5 .009 .002 .005 2 5 us 5 Ay 4 
13, 500 5 .001 .000 .002 0 5 .011 .@2 .009 2 5 .007,.000 .010 5 .004 .002 .011 4 
14,000 5 .003 .001 .004 ie) lay »011 .004 .012 2 5 .008 .000 .012 5 .006 .002 .015 4 
14,500 7.5 .008 .003 .007 7.5 .010 .000 .014 as 7.5 .011 .005 .023 8 
15,000 5 .016 .010 .015 5 .023 .015 .043 
y § .018: .012 .020 10 5 .013 .001 .017 3 5 .033 .023 .058 8 
(2) 
5 .036 .024 .038 25 | 
15,500 5 .085 .043 .087 34 5 .015 .002 .024 Wid | 
Rsic eked 30,77, 
(1) i 
16,000 5 .023 .010 .036 “if 
16,500 2.5 
(1) 


(1) Disk failed. 
(2) Test stopped; rapid creep. 
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Fic. 5 Comparative GRowtTss or TurBINE Disks 


Discussion 


In examining the types of failures in the several disks, it was 
observed that the standard 19-9-DL disk, Fig. 6, showed exten- 
sive plastic deformation of the small lands holding the blade in 
place. With increased movement of the lands the blade exerted 
increasingly higher unit pressure on the land and- eventually 
pulled out of the disk. Cracking also occurred throughout the 
rest of the disk at many locations. Of perhaps greatest signifi- 
cance are the cracks shown in Fig. 7 where a large crack caused 
by radial stress has been circled at 25/3 in. radius. It was noted 
that this corresponded to the point of highest radial stress as 
indicated in Fig. 3. Cracks caused by tangential stress were also 
seen within the bolt circle and near the boltholes. From Fig. 3 
this area is shown to be the one with highest tangential stress. 

Failure of the cold-worked 19-9-DL disk, Figs. 9 and 10, must 
be attributed to one of three reasons: (a) Titanium nitrides at 
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Fic. 6 View SHowine Prastic Fuow or LANDS FOR STANDARD 
19-9-DL Disk 


the point of failure; (6) unequal loading of the disk lands while 
driving the blade into the disk; or (c) low ductility, coupled witk 
either reason (a) or (6). The break was certainly not a ductile 
failure. Additional testing is indicated for this material in the 
oe hardness range and for the purpose of substantiating this 
est. 

The failure of the Timken disk, Fig. 11, showed: (a) that from 
the center of the disk to the boltholes the break was normal tt 
the plane of the disk, indicating a very brittle fracture (4); (6 


SALDIN, DEHUFF—HOT-SPIN TESTS OF BLADED JET-ENGINE ROTORS 61] 


ConpitTion or Disk at FaiturRe oF STanparpD 19-9-DL 
MaTERIAL 


BIG. 7 


Fig. 8 Crackine or Disk Near Rim in STANDARD 19-9-DL Tests 


from the boltholes out to the periphery the fracture tended to be 
more of a “‘cup-and-cone”’ break indicative of some ductility. The 
whole break appeared to be a failure caused by tangential stress 
and originating about the boltholes. It is recognized that a 
crack caused by radial stress could start just outside the bolt 
circle and then change direction by the action of the tangential 
stress. 


CONCLUSIONS 
1 The disks herein reported represent the first of a series in 


which many of the best high-temperature disk alloys are to be 
‘ested under the same accelerated test schedule. From this 


Fie. 9 Coip-WorKeEp 19-9-DL Marrrtrat Disk FarturE 


Fig. 10 Contp-WorKeEp 19-9-DL Disk FartLturE SHOWING FRACTURE 
IN BuaDE Root FAsTenineG 


program it is expected to establish the relative merits of the 
various available disk materials. 

2 The most promising material or materials determined by 
the program so far can then be tested under constant-speed con- 
ditions to obtain data which can be correlated with existing 
creep-rupture information. 

3 This program procedure will give reliable guidance to the 
selection of the “strength versus ductility” relationship which 
represents the best compromise for each application of a specific 
disk material. 

4 The characteristic type of failure appears to have a direct 
relationship to the magnitude of the ductility for a given ma- 
terial. Further experience may indicate sufficient reason for 
specifying a minimum ductility for a given disk material for a 
given engine application. 

5 A ductile disk will give ample warning of impending failure 
by means of blade looseness, large and rapid growth of the diam- 
eter, and cracking at various locations over the face of the disk. 
This means that if a bladed turbine disk were operating in a 
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Fic. 11 Disk Burst 1n Test or 16-25-6 Timken AtLoy AFTER 
50 Hr, AND SPEED oF 16,500 Rem Berne REACHED 


flying engine, the growth would be most readily detected by a 
blade-tip rub, thereby giving warning prior to a failure. 

6 A brittle disk will give little or no warning of impending 
failure. Additional tests must be run before a minimum ductility 
range can be established. 

@ Of the four disks reported, the standard, 19-9-DL showed 
the best combination of strength and ductility, although the 
Timken 16-25-6 material as processed was slightly stronger than 
the standard 19-9-DI. 

8 These tests emphasize that processing doreie or heat- 
treatment) can be specified to produce a wide range in the 
strength versus ductility relationship in any given disk material, 
and that metallurgists should strive to develop disk ma- 
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terials of greater strength without reducing the ductility below 
safe minimum which will avoid brittle breaks in service. 

9 The operation of the disk test pit has demonstrated th 
practicability of hot-spin-testing turbine rotors. Ample pe 
sonnel safety is relatively easy to provide while not hampering 
the test program. The measurement of the test-disk temperatur: 
is straightforward and reliable. The facility has proved ver 
adaptable to tests of disks of various sizes and shapes, tests o 
bolting methods, and relatively low-temperature tests of al i 
minum- and magnesium-alloy disks. Since disassembly anc 
reassembly time is relatively short, creep-rupture data on turbin 
rotors can be accumulated rather rapidly and at relatively low 
cost. Damage as a result of disk failure has been less than an 
ticipated. 
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Comparison of High-Temperature Alloys 
Tested as Blades in a Type B 


Turbosupercharger 


By W. C. STEWART! anp H. C. ELLINGHAUSEN,? ANNAPOLIS, MD. 


The authors describe briefly a series of jet tests, utilizing 
gas produced from the combustion of Diesel fuel oil, as a 
means for comparing the resistance of a number of high- 
temperature alloys to hot-gas impingement. The de- 

‘ficiencies of this method for simulating conditions in a 

_gas turbine are discussed. The paper is concerned prin- 
cipally with comparative tests of a number of high- 
temperature alloys when tested in the form of blades in 
a Type B turbosupercharger. The test rotor contains 142 
blades, representing 12 different alloys. Both wrought 
and precision-cast blades are included. Tests were made 
at eight temperatures, ranging from approximately 1200 
to 1500 F, test runs at each temperature being of 50 to 
150 hr duration, except in the case of the 1500 F test run, 
which was continued for 1000 hr. After several of the test 
runs, measurements were made to determine the amount 
of permanent extension in ‘the blades and disk. The 
extension of the blades and disk accompanying progres- 
sively higher testing temperatures is shown graphically. 
A procedure for correlating the metal temperature of the 
blades with that of the combustion gas in the nozzle 
chamber of the supercharger is described. 


INTRODUCTION 


URING the period 1940-1947, a great deal of effort and a 
D large amount of money were expended in the development 

and improvement of a class of high-temperature alloys 
now sometimes referred to as ‘‘superalloys.’”’ These alloys were 
developed primarily for turbosuperchargers, gas turbines, and 
jet engines. For these applications, strength and stability at 
elevated temperatures are considered of first importance. Con- 
tinued efforts were made to enhance the high-temperature 
strength of these materials. While this was being accomplished, 
designers were equally diligent in their determination to design 
for higher operating temperatures and stresses, in order to in- 
crease efficiency of operation and reduce weight to a minimum. 

In this development program, a great many individual alloys 
were made, and many thousands of tests were conducted on 
forged, cast, and precision-cast alloys. Governmental agencies, 
industrial concerns, educational institutions, and research labora- 
tories co-operated in this work in a most praiseworthy manner. 
Test data obtained through this co-operative effort are sum- 
marized in a large number of reports. Some of these reports 
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were issued by the Office of Scientific Research and Development, 
some by the Bureau of Ships, and Bureau of Aeronautics, and 
others by private companies. Recently, the classification status 
for some of these reports was modified, and large portions have 
appeared as technical publications. 

The interest of the Bureau of Ships in these high-temperature 
alloys rests mainly on possible applications for gas turbines. 
Consequently, test programs sponsored by the Bureau of Ships 
were directed along these lines. The construction of gas turbines 
for ship propulsion presents quite different metallurgical and 
engineering problems from those encountered in the production of 
superchargers and jet engines. Gas turbines for ships have to be 
designed for much longer operating life with a minimum of up- 
keep. Ship machinery must be designed and constructed to 
resist shock occasioned by gunfire, as well as explosions resulting 
from bombs and depth charges. Parts for large gas-turbine units, 
such as the rotor and casing, are of much heavier section than are 
similar parts for superchargers and jet engines. These circum- 
stances have introduced special metallurgical and engineering 
problems in the development program of the Bureau of Ships. 

Most of the high-temperature test results reported by the co- 
operating activities were obtained with specimens prepared from 
small-diameter bars, small castings and forgings, and specimens 
precision-cast to size. On the other hand, an important part of 
the program of the Bureau of Ships consisted of fabricating rela- 
tively heavy forgings of several of the high-temperature alloys, 
in order that these might be sectioned and tested, and results 
compared with those obtained for bar stock and small sections. 
Likewise, it was necessary to ascertain whether heat-treatments, 
which had proved effective for light sections, were applicable in 
the case of heavy sections. The welding of large disks presented 
new problems which required investigation. The feasibility of 
casting rotor disks of high-temperature alloys was investigated. 
Later, the work was extended to include the casting of disks with 
integral blades. At the present time ways for forming hollow 
blades are being studied. 

Practically all of the creep and stress-rupture data reported for 
the high-temperature alloys were obtained in test furnaces con- 
taining air. Early in the investigation it was proposed that simi- 
lar tests be made in a gas atmosphere similar to that produced by 
combustion in a gas turbine. The practicability of adapting the 
usual types of creep and stress-rupture test units for conducting 
tests in combustion-gas atmosphere was considered. This ex- 
amination indicated that it would be difficult to maintain the 
desired composition of gas, let alone simulate velocity conditions 
encountered in a gas turbine. It was decided that these condi- 
tions could best be met by operating a turbosupercharger as a gas 
turbine. Aircraft turbosuperchargers were readily available, and 
steps were taken to adapt one for the purpose. It appeared that 
the value of such a test would be enhanced if a special rotor con- 
taining blades of a number of selected alloys was provided. In 
this way a direct comparison of several alloys in the form of 
blades would be obtained under identical test conditions. 

The first experimental unit for simulating the impinging action 
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Fic. 2 Nozzum anp SpecIMEN ASSEMBLY FOR Gas ERoston TEST 


of high-velocity high-temperature gas on gas-turbine alloys is 
shown in Fig. 1. The assembly consists of a double-wall eylindri- 
cal combustion chamber, the inside of the interior shell being 
fined with refractory material. The shells are of carbon-steel 
plates, except for the head which is of 18:8 chromium-nickel steel. 
Fifteen nozzle assemblies, each consisting of a nozzle and fixture 
for holding the test specimen, are mounted radially on a common 
ring support which is attached to the exhaust end of the combus- 
tion chamber. Details of one of these nozzles and simulated 
blade section are shown in Fig. 2. Gas is produced from Diesel 
fuel oil, combustion taking place under 40 psi pressure. Oil is fed 
into the combustion chamber from a tank maintained under air 
pressure. The flow of oil is controlled by means of a pressure- 
operated needle valve actuated from a thermocouple which is 
mounted in a dummy nozzle. Air is supplied through suitable 
reducing valves. 

Tests were made on a number of alloys both wrought and cast 
at 1300, 1350, 1400, 1500, 1600, and 1650 F temperatures. Hight 
test runs were made at these temperatures, the duration of test 
ranging from 155 to 1370 hr. The gas velocity at the jets for 
these tests ranged from 1300 to 1500 fps. Normally, the gas is 
directed against the apex of the blade so as to sweep upward as 
shown in Fig. 2. However, for one set of specimens, the gas was 
directed at a flat surface of the blade section as well as at the apex. 
Results of gas analysis for two of the test runs are given in Table 1. 
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The percentages of constituents in the gas remained quite uniform 
throughout the tests. For test run No. 8 the carbon-dioxide 
content of the gas was reduced to about 31/2 per cent, and the | 
oxygen increased to about 14 per cent, in order to increase the 
oxidizing effect of the gas. 


TABLE 1 GAS ANALYSIS, PER CENT 
S (caleu- Number of 
Test Methane lated as determi- | 
run CO2 O2 Nz CO He group SO2) nations 
1 Gr2T AAs bale .3 A sh5 0.051 4 
6 6.2 12.6 bal. : ae aoe eae if 


Of some thirty-six alloys tested in this series, only one revealed | 
any serious damage. In that case, test conditions of 1350 F gas 
temperature and 1380 fps gas velocity caused the test section to 
swell up and exfoliate at the edges. A similar phenomenon has | 
been observed in connection with another alloy containing a sub-— 
stantial percentage of molybdenum, but under Jess severe test 
conditions. In this instance, disintegration of the alloy occurred | 
during a scaling test carried out in the muffle of an electrical-re- 
sistance furnace containing air. It should be mentioned that no 
similar deterioration of these two alloys hag been encountered in 
test units operated as gas turbines. 

During one test run, the temperature-control mechanism failed 
to function, with the result that the impinged areas of the test 
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sections attained a temperature of approximately 2000 F for about 
20min. This accidental sojourn at excessively high temperature 
caused V-shaped notches to be cut in the blade sections in the 
path of the impinging jet. All materials were affected similarly, 
with the result that no information was obtained as to the rela- 
tive resistance of the several alloys to hot-gas impingement. 

At the beginning of the test it was feared that the test sections 
might be eroded as a result of small particles becoming dislodged 
from the ceramic lining of the combustion chamber and being 
carried along by the gas stream. Inspection of the edges of the 
simulated blade sections in the early tests revealed some evidence 
of erosion from these particles, but, with continued operation, 
trouble from this cause apparently diminished. Should the jet 
test have indicated important differences in erosion resistance for 
the several alloys, the role played by nonmetallic particles would 
have been cause for considerable apprehension. However, it 
‘was concluded that in this type of test equipment, effort should 

_be made to eliminate the usual ceramic lining materials from the 
combustion chamber. 


Tests oF Buape MaTerIAts In AN Artrcrarr-Typr TuRBo- 
SUPERCHARGER 


Experience with the jet tests emphasized the importance of 
testing gas-turbine alloys in hot-gas environment while under 
stress. The adaptation of available creep and stress-rupture 
test units for operation in a combustion-gas atmosphere was con- 
sidered impracticable. One of the perplexing problems was the 
chemical composition of a gas for simulating service conditions, 
and the maintenance of a constant supply of the gas over a long 
period of time. Even with the solution of this problem, no in- 
formation as to the effect of high-velocity gas on metal under 
stress would be obtained. For these reasons the proposal to con- 
duct creep and stress-rupture tests in combustion gas was aban- 
doned. However, it appeared feasible to conduct such tests in 
vacuo and in oxygen. 

The next step was to install a Type B turbosupercharger in con- 
junction with a specially constructed combustion chamber for 
operation as a gas turbine. The supercharger rotor provided for 
test contained 142 blades representing twelve different alloys. 
The rotor disk is of forged 16: 25:6 nickel-chromium-molybdenum 
(Timken alloy). The supercharger is mounted on a stand bot- 
tom-side up from the way it is installed in an airplane. The 
combustion chamber is of the double-wall type, approximately 
15 ft long X 24 in. OD, made entirely of molybdenum-bearing 
18:8 chromium-nickel steel by welding. Air for combustion is 
supplied from an independent blower, and is introduced into the 
outer space of the chamber near the forward end. Air on enter- 
ing the outer space flows to the rear where combustion takes place. 
The combustion gas passes through the inner chamber and enters 
the nozzle box of the supercharger. This arrangement permits 
preheating of the air, and at the same time reduces the metal 
temperature of the inner wall of the chamber. The unit is fired 
with Diesel fuel oil conforming to Navy Department Specification 
7-0-2d, dated October 1, 1943. For purposes of safety the test 
unit is installed in a concrete-lined pit several feet below ground 
level. 

In operating the supercharger, the oil-supply tank is maintained 
under 10 psi air pressure so that oil enters a rotary gear pump at 
this pressure. Oil leaves the pump at 300 psi pressure, but a suffi- 
cient volume is by-passed so as to reduce the pressure to the de- 
sired value. For 1500 F operation, the oil pressure is maintained 
at approximately 185 psi. Temperature control is accomplished 
by regulating a by-pass. The combustion chamber is fired by 
means of a Babcock and Wilcox “Mayflower” pressure fuel-oil- 
atomizing nozzle and sprayer plate. — 

Two thermocouples are mounted in the nozzle box of the 
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supercharger. These are placed diametrically opposite, one on 
the small side and the other on the large side of the box. Thermo- 
couples installed at these locations, at the present time, consist of 
No. 14 gage chromel-alumel wire contained in porcelain insulators 
assembled in an 18:8 chromium-nickel-steel tube. The hot junc- 
tion of the element is exposed by means of slots milled in the pro- 
tective tube. The hot-junction bead is encased in platinum sheet 
metal formed by collapsing a platinum tube around the element. 
This platinum sheath, in conjunction with a chromel wire con- 
necting onto the end of the tube, also serves as a support for the 
element. This thermocouple represents one of the more ad- 
vanced designs produced by the National Bureau of Standards. 
Temperature conditions for test are established by means of these 
two thermocouples. 

A third thermocouple, completely enclosed in a 25:20 chro- 
mium-nickel-steel tube, is located in the gas stream ahead of the 
supercharger intake flange. This thermocouple serves as a con- 
trol for operating the unit. Being completely enclosed, it is not 
subjected to conditions which cause deterioration and failure in 
thermocouples which are exposed to high-temperature high- 
velocity gas. The unit is provided with several other thermo- 
couples but these are not required for operation of the equipment. 
In addition to the thermocouples, a wide-angle radiamatic pyrom- 
eter is installed in the stack above the supercharger, and focused 
on the bladed section of the rotor. The length of the major axis 
of the target area is 1.2 in. covering practically the full width of 
the blade band. A schematic diagram of the supercharger in- 
stallation is shown in Fig. 3. 
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The first specially constructed bladed rotor, designated No. 1, 
is shown in Fig. 4. Designations A, B, C, and E denote the loca- 
tion of scribed reference circles which serve as base lines for ex- 
tension measurements. Each blade is numbered for identifica- 
tion, but it is usually necessary to renew these following each 
testrun. The blades are held in the rotor mechanically, the blade 
roots being of the bulb type, one half with short necks, and the 
other half with long necks. 

The chemical composition and tensile strength for the various 
blades of rotor No. 1 are given in Table 2. 

Tests of rotor No. 1 were made at eight temperatures, ranging 
from approximately 1200 to 1500 F. Test runs at each tempera- 
ture were of 50 to 200 hr duration. The supercharger was 
operated at an average wheel speed of 15,400 rpm for all test runs. 
This speed produces a maximum stress of 10,000 psi at a critical 
section of the blade due to centrifugal force. The only work 
performed by the unit other than to overcome friction is that re- 
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TABLE 2 CHEMICAL AND PHYSICAL PROPERTIES OF SUPERCHARGER BLADES 
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quired to drive the impeller. The air furnished by the impeller is 
directed between the rotor casing and impeller casing to cool the 
bearings. 

The volume of one side of the supercharger nozzle box is greater 
than the opposite side. Early in the investigation it was found 
that the gas temperature on opposite sides of the chamber dif- 
fered somewhat. The average gas temperature was estimated 
arbitrarily by taking two thirds of the average gas temperature 
in the large side of the chamber plus one third of the average gas 
temperature in the small side of the chamber. The metal tem- 
perature of the blades was estimated to be 15 to 20 deg F lower 
than the average gas temperature. Procedures for determining 
blade-metal temperatures are described later in the paper. 

Table 3 gives a summary of temperature conditions and length 
of test for the several test runs. 

Data for a typical test run (No. 8) at 1500 F temperature are 
given in Table 4. 

After each test run, the supercharger was removed from the 
test stand and taken into a constant-temperature room where 
measurements were made to determine permanent extension in 
the blades and rotor disk. Measurements were obtained on a 
Zeiss universal measuring machine, and were taken between 
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reference circles H and A, A and B,and Band C. In measuring 
between circles H and A, each blade was measured, and the 
average taken. Two complete sets of measurements were ob- 
tained during the course of test run No. 6. A summary giving 
results of measurements for the various test runs is contained in 
Table 5. 

The set of measurements designated run No. 6A was obtained 
following the first 100-hr test period at 1450 F temperature, 
whereas the set designated run No. 6B was obtained on completion 


TABLE 3 SUMMARY OF TEST CONDITIONS 


Estimated blade- 
metal temperature 


Gas-temperature 
—conditions, deg F— 


Duration 
of test run, 


Test run Nominal Average br deg F 
1 1200 1196 100 1181 
2 1300 1310 100 1295 
3 1350 1347 50 1332 
4 1400 1396 50 1381 
5 1400 1411 150 1396 
6 1450 1464 150 1449 
7 1500 1510 100 1495 
8 1500 1518 100 1503 
9 1500 1514 100 1499 

10 1500 1523 146 1508 
11 1500 1519 200 1504 
12 1500 1520 233 1505 
13 1500 1517 123 1502 


TABLE4 TEST DATA FOR RUN NO. 8 AT 1500 F TEMPERATURE; 
DURATION OF RUN 100 HOURS 


———Temperature, deg F 


Maximum Minimum Average 
Nozzle box—small side of chamber.... 1530 1490 1505 
Nozzle box—large side of chamber..... 1540 1500 1525 
3/,-in. from exhaust edge of blades..... 1460 1420 1430 
Temperature 6 in. {center of stack.... 1325 1300 1315 
from exhaust 1/. radius of stack 1360 1330 1340 
side of wheel 2 in. from wall... 1340 1315 1328 
Air-duct pressure, avg’ in. Hg......... 10.3 
Stack pressure, avg in. Hg........... 0.4 
Pressure drop between nozzle box and 
stack, avg in. Hg..... ipbiain, oOo RRO 9.1 
Nozzle-box pressure, avg in. Hg....... 9.5 
1a max 
6 OBGh Be Ses 15 min 
Speed of rotor, rpm... ib450 aoe 
10200 max 
iti i f blade, psi... 9850 min 
Stress at critical section o p Th000 va 
TABLE 5 
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of the 150-hr run. The average extension for each group of 
blades, obtained by averaging the readings for each blade in the 
group, are represented graphically in Fig. 5. 

On completion of run No. 6, the 19-9 DL blades were removed 
from the rotor because of the considerable increase in creep rate 
following the second period of the run. It was feared that the 
19-9 DL blades might fail if tested at higher temperature with 
the possibility of damaging the unit. 

No new blades of high-strength alloys were available for re- 
placement, and a set of vitallium blades was taken from a stand- 
ard rotor for this purpose. This proved unfortunate as one of the 
replacement blades failed during the second 50-hr test run at 1500 
F. It was known that the rotor from which the replacement 
blades were taken had been in service, but no other history was 
available. The failed blade segment damaged a considerable 
number of blades in the rotor. Forty-five of the damaged blades 
were removed and replaced with new vitallium blades. Fortu- 
nately, the damaged blades were fairly well distributed among 
the several alloys in the wheel so that despite the casualty each 
alloy was represented by at least six blades. 

Renewal of forty-five blades and damage to the reference circles 
made it necessary to re-establish the reference marks, renew the 
bearings, and balance the rotor. Then the test was continued 
at 1500 F temperature with the view to obtaining 1000 hr of oper- 
ation at this temperature. 

Average extension values obtained for the blades following the 
several test runs at 1500 F, are also plotted in Fig. 5. It is ob- 
served that all of the temperature extension curves show a dip in 
the vicinity of 1300 F temperature. This behavior might be 
attributed to two causes: (a) Thermal adjustment in the rotor 
and blade roots may have resulted from the test conditions. 
Considering that extension measurements were taken between 
reference circle A on the disk and the tip of the blades, it will be 
seen that any such readjustment would be reflected in the meas- 
urements. (b) Precipitation occurs in many of these alloys when 
held for a considerable period at temperatures in the vicinity of 
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Fic. 5 Grapus SHowine Extrension oF TuRBINE BLADES aT Various TESTING TEMPERATURES 


1300 F, and dimensional changes might have accompanied this taking the average of the rates = the preceding and following 
phenomenon: However, temperature-expansion curves ob- _ test runs. 


tained for a number of ulloye of these types, have revealed no 


abrupt changes for relatively short times at temperature. Gas Temperatures Versus Merat TEMPERATURE OF BLADES. | 

The short horizontal lines shown on the graphs for each alloy at In order to establish the meta] temperature of the blades of 
run No, 11 represent the maximum extension which would have the supercharger in terms of the temperature of the gas in the 
been obtained had the extension measurements for test runs Nos.7 nozzle box, it was necessary to employ an indirect method. The | 
and 10 not been lost. As previously mentioned, readings for run procedure ae attaching a thermocouple to one of the blades of 
No. 7 following a blade failure proved unreliable, as did readings the rotor and car rying the leads through a hollow shaft to a set of 
for run No. 10 after a thermocouple tube end failed and rubbed on slip rings was considered, The closely spaced, thin-blade sec- | 
the blades. Extension rates for these two runs were obtained by tions are not well-adapted for mounting a thermocouple, and it. | 


STEWART, ELLINGHAUSEN—HIGH-TEMPERATURE ALLOYS 


was feared that the blade section might be damaged. However, 
this method has been employed successfully with larger rotors. 
Tn the following procedure, powders and silver-brazing alloys of 
known melting characteristics were employed for indicating metal 
temperatures of the blades. Four blades, located 90 deg apart, 
were removed from a standard rotor of a Type B supercharger. 
The concave side of these blades was filled in with 25:20 chro- 
mium-nickel weld metal, in order to thicken up the section and 
provide body for an axial hole 0.136 in. diam. The blades were 
finished to approximately equal weights and reinstalled in the 
rotor. Capsules of 25:20 chromium-nickel alloy of the type 
shown in Fig. 6 were prepared for each of the modified blades. 
One end of the tubular capsule is threaded for screwing into the 
axial hole in the end of the blade. The space within the capsule is 
for holding either temperature-indicating powders or alloys of 
known melting characteristics. Centrifugal force tends to force 
the powder or alloy toward the closed end of the capsule. As 
long as the temperature-indicating material remains in the 
solid state, there is no tendency for it to pass through the small 
radial hole located near the closed end of the capsule. However, 
if the material is in the liquid or viscous state, it will be forced 
through the radial hole. Special precautions are necessary to 
prevent seizure between the threads of the capsule and blade 
section. This difficulty was obviated by preoxidizing the threads 
of the capsule before assembly. 
Prior to conducting tests in the supercharger rotor, calibration 
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tests were made by placing temperature-indicating powders and 
alloys in similar capsules mounted in steel blocks. These as- 
semblies were heated in a muffle furnace at temperatures ranging 
from 1300 to 1450 F, and the behavior of the materials observed. 

Tests were made at 1336 deg, 1386 deg, and 1420 deg F tem- 
peratures in the supercharger. In testing at each of these 
temperatures, a temperature-indicating powder of a different 
melting point was placed in the capsule of each of the four special 
blades. The testing temperatures are the average gas tem- 
peratures as described previously. Test results obtained with 
temperature-indicating powders are given in Table 6. 

Temperature calibration tests also were made of three silver- 
brazing alloys, the alloys being placed in tubular capsules con- 
tained in steel blocks, as previously described for the temperature- 
indicating powders. Flow points and melting ranges for the 
three alloys are given in Table 7. Three test runs of the super- 
charger were made with each of these alloys contained in a blade. 
The fourth blade contained powder prepared from a 1300 F 
temperature pellet. The operating conditions of the supercharger 
were adjusted to give a temperature of 1320 F for the test run. 
Results obtained for the three alloys and the powder after 1 hr 
operation of the supercharger are given in Table 8. 


Discussion 


One would naturally inquire as to how the deformation of the 
several alloys tested as blades in the turbosupercharger compare 


TABLE 6 RESULTS OF TESTS WITH TEMPERATURE-INDICATING POWDERS 


fae omberature Gt tests 


Gas temperature of supercharger 
F 1420 


1386 
Blade Designated Condition Designated Condition Designated Condition 
position in pellet of pellet pellet of pellet pellet of pellet 
supercharger temperature, powder temperature, powder temperature, powder 
rotor deg F after run after run deg F after run 
1 1250 (d) 1300 (d) 1300 (d) 
2 1300 (d) 1350 (c) 1350 (d) 
3 1350 (6) 1/32 in. 1400 (a) 1400 (Oi 
4 1400 (a) 1450 (a) 1450 (6) 1/32 in 
NovreEs: 
(a) Powder apparently unaffected. 
(b) Powder shrank amount indicated but otherwise solid. 
(c) ‘Top and side crust remaining. 
(d) All powder had disappeared from fixture 
3° 
a. 


082" DIA 


CA OLMLLALMLLLLALLILL 


SLE OMOEA 


WELDED 25-20 


oO 
Y Z, 5 
4 * et 22 
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= THD, 
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059" DIA. 


SECTION A-A 
SCALE = 4X1 
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TABLE 7 RESULTS OF TESTS WITH SILVER-BRAZING ALLOYS 


Alloy Flow point, Melting range, 
designation deg F deg F 
1 1272 1191-1272 
2 1320 1280-1323 
3 1345 1339-1345 


RESULTS OF TESTS WITH SILVER-BRAZING ALLOYS 
pes? AND TEMPERATURE-INDICATING POWDER 


———_——_Temperature-indicating materials 
———_——-Silver-brazing alloys— ——-Pellet- 
ge By’ a 1 : 2 3 1300F rating 
Allo melted Alloy shrank . 
1 andl ran from but did not Intact Shrank slightly 
radial hole run out 
Alloy melted Alloy melted Alloy shrank , 
and ran from and ran from _ slightly Shrank 1/16 in. 
radial hole radial hole 
Alloy melted Alloy partly Marked shrink- 
3 down but melted Intact age, only 
did not run crust remain- 
out ing 


with results obtained for laboratory test specimens. For purposes 
of this comparison test data for laboratory test specimens con- 
tained in the NDRC reports, particularly the final report dated 
January 21, 1946, were examined. The twelve test alloys were 
arranged in order of their rupture strength at 100 and 1000 hours 
at 1500 F temperature. Results were selected for those alloys 
which appeared to be most comparable with the blade materials 
as regards chemical composition and heat-treatment. For 100 
hours fracture time the four alloys showing the highest rupture 
strengths were 61, 422-19 K-42-B, and 6059 in the order listed. 
At 1000 hours rupture time the corresponding alloys were: 61, 
422-19, 6059, and vitallium. For both rupture periods 16:25:6 
and 19:9 DL showed the lowest rupture strength of the series. 

A similar comparison of creep-test data contained in the NDRC 
reports was made. The alloys were listed in order of their de- 
formation rates for 1000 psi stress at 1500 F temperature at 1000 
hours. The four alloys leading the list were: Refractaloy, 6059, 
422-19, and 61. It is pointed out that three alloys, 61, 422-19, 
and 6059 appear in the top group by either method of comparison. 

Results obtained for alloys listed in the supercharger showed 
the first four alloys to be, K-42-B, 61, N-155, and 422-19. Ac- 
cordingly, K-42-B and N-155, showed to better advantage com- 
paratively in the supercharger test than when tested as labora- 
tory test specimens. Refractaloy and alloy 6059 which showed 
the maximum resistance to deformation at 1500 F in laboratory 
creep tests stood approximately in the middle of the group tested 
in the supercharger. The 16:25:6 and 19:9 DL alloys showed 
the minimum creep resistance in the supercharger test which is in 
line with both stress-rupture and creep test data for laboratory 
test specimens. 


SUMMARY 


The need for test information concerning the high-temperature 
strength characteristics and stability of gas-turbine alloys beyond 
that provided by stress-rupture, creep, and gas-erosion tests is 
discussed. The practicability of testing a number of alloys in 
the form of blades in an aircraft turbosupercharger operated as 
a gas turbine is pointed out. By this procedure, blades of dif- 
ferent alloys are subjected simultaneously to the combined effect 
of stress and erosion by hot combustion gases after the manner of 
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a gas turbine. This combination of test conditions is not # | 
i 
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facilities. An indirect method for evaluating blade-metal te 


tained readily with the usual laboratory high-temperature testi 


peratures, corresponding to gas temperatures in the nozzle charg) 
ber, is described. | 

Future experimentation is to include quick-starting tests of f 
supercharger, and the testing of a second rotor. The latter co 


tains blades of fourteen alloys, including seven cast and seve@/ 
wrought materials. Most of these represent alloys of later dif) 


| 
| 
| 
| 
velopment than those of the first rotor. | 
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Phe Applicability of Ceramics and Ceramals 
as ‘Turbine-Blade Materials for the 


Newer Aircraft Power Plants 


By A. R. BOBROWSKY,! CLEVELAND, OHIO 


Ceramic and ceramal materials have been investigated 
for use as turbine-blade materials for aircraft gas turbines. 
Tensile, flexure, thermal-shock, and oxidation data for 
these materials at temperatures up to 2400 F are presented. 
These data are discussed with respect to applicability for 
turbine use. Results of turbine-blade operation at the 
NACA Cleveland laboratory are given. 


INTRODUCTION 


HE turbine blade is one of the most critical parts of a gas 
ies Although both the combustion chambers and 
the stator vanes operate in gas at higher temperatures 
than that passing the turbine blades, the combustor and stator 
components do not present great design problems because they 
are subjected principally to thermal stresses alone and because 
they can be cooled by circulation of a gas or a liquid. The tur- 
bine blade, on the other hand, is subjected to centrifugal, vibra- 
tory, and thermal stresses, and is more difficult to design with 
cooling provisions because of high speeds of rotation. 
Tt is well known that an increase in temperature of a gas tur- 
bine results in an increase of thermal efficiency of the unit. 


TABLE 1 


Present-day inlet gas temperatures are about a maximum of 
1650 F with occasional rises to as much as 2000 F (for example, 
during starting). This 1650 F gas temperature produces maxi- 
mum turbine-blade temperatures of about 1500 to 1550 F. In- 
creases in average gas temperature to 1950 F result in large 
increases in turbine thermal efficiency. The corresponding maxi- 
mum metal temperature in the turbine blade would then be 
about 1800 F. 


TENSILE PROPERTIES 


Table 1 lists strengths, taken from literature, of some typical 
commercial high-temperature alloys at 1500 and 1800 F. The 
short-time tensile strengths were determined in a standard ten- 
sile-test machine which mounts a furnace surrounding the test 
specimen. The furnace winding is such that a uniform tempera- 
ture is maintained along the length of the specimen. The stress- 
rupture strengths given in Table 1 are the dead loads which may 
be supported by a specimen for 100 hr without fracture. Mate- 
rial A is a commercial alloy in use in gas turbines with a service 
life no more than adequate at present gas operating tempera- 
tures corresponding to a metal temperature of 1500 F. The 


ELEVATED-TEMPERATURE STRENGTHS OF COMMERCIAL HIGH-TEMPERATURE ALLOYS 


Short- 100-hour 
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100-hour 


time stress- | stress- time stress- | stress 
tensile Tensile |rupture rupture tensile Tensile rupture rupture 
Specific | strength] strength |strength | strength strength| strength | strength] strength 
UIB/eat{esars+ |) OS meemeeae | (1/608 ae | (10 /sq) pee 
Rie iSe) Ce stay Sle lees in. ) Oy IG (ers 


bse cor | sees | ste e 
Te [aes [ 77800 |e 600 [27.050 [28,300 | sisoo | 26,900 [= | =| 
Te [ese | 76,300 | 76,700 | e000 | es.a00 | 28,200, 

pe pes [== [=| eo | eo,eo0 [20,800 [20,800 | 55800 | 5,500 
ore [era00 | 25,000” | 27,000 | #6400 | 26,200 | 33,300 | 30.900 | 
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Fe [ese | sisaoo | 20,000 | ea,000 | 23,600 | 35,700 | so,s00 | #200 | 0n100_| 
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Short- 100-hour | 100-hour 


din <o)) 
»800 


21,500 | 5,300 | 5,100 


37,800 10,100 10,100 


@ Relative specific gravity based upon specific gravity of alloy A equal to 1,00. 


1 Aeronautical Research Scientist, Lewis Flight Propulsion Labora- 
tory, National Advisory Committee for Aeronautics, Cleveland Air- 
port. Mem. ASME. 

Contributed by the Joint ASME-ASTM Committee on Effect 
of Temperature on the Properties of Metals and presented at the 
‘Annual Meeting, New York, N. Y., November 28—December 3, 
1948, of Tam American Society or MucHanicaL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


stress-rupture strengths are more indicative of blade performance 
than the short-time tensile strengths. 

Because a well-designed turbine blade is subjected mainly to 
centrifugal and thermal stresses, and only secondarily to vibra- 
tory stress, a useful criterion of turbine-blade materials is 
strength-weight ratio. Table 1 lists the ratios of the short-time 
tensile strengths and of the 100-hr stress-rupture strengths to 
the specific gravities of the corresponding metal relative to the 
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specific gravity of alloy A taken as unity. These values will be 
compared to similar values for ceramics and ceramals. 

The first extensive attempt to evaluate ceramics as substi- 
tute materials in turbine-engine applications was made by 
Geller and co-workers at the National Bureau of Standards under 
sponsorship of the NACA. Creep and modified stress-rupture 
measurements were made on bodies formulated at the National 
Bureau of Standards after commercial ceramic bodies had been 
found lacking in desired properties (1).2 Table 2 lists the 100- 
hr stress-rupture strengths of the best materials developed. 
The strength-weight ratios are given with the specific gravity 
again relative to alloy Aas unity. The ceramics were fabricated 
either by slip casting or by hydrostatic pressing and subsequent 
firing. The alloys of best strength-weight ratio listed in Table 1 
are given for purposes of comparison. Sillimanite, a commercial 
ceramic material, is also placed in the table because it was utilized 
as a turbine-blade material while the National Bureau of Stand- 
ards program was in progress (2). 

Another method of fabricating ceramic materials is that of 
hot-pressing. A number of bodies fabricated by this technique 
were obtained from the Norton Company of Canada. The 
bodies were boron carbide, 85 per cent boron carbide—15 per 
cent silicon carbide, magnesia, beryllia, zirconia (stabilized), 
zircon sand, titanium carbide, and zirconium carbide. It will 
be noted that carbides are termed ceramics, as well as the usual 
oxides and silicates. Borides, nitrides, and silicides, which are 
not mentioned in this paper, are also termed ceramics. Short- 
time tensile tests were made on these bodies, and the results are 
given in Table 3 (3). Strength-weight ratios are given relative 
to unit specific gravity of alloy A. 

The maximum strength-weight ratio for the best commercial 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


TABLE 2 ELEVATED-TEMPERATURE STRENGTHS OF CERAMIC BODIES DEVELOPED AT THE NATIONAL} 
BUREAU OF STANDARDS? 


1500° F 


(1b/sq 


12,000 


2 Data obtained from modified stress-rupture tests. 

b Values from early research and are probably too low. 

© Relative specific gravity based upon specific gravity of alloy A (8.30) 
equal to 1.00. 


00-hour 00-hour 00-hour OO-hour 100-hour 100-hour 

sees stress- stress- stress- stress- stress- 

: rupture rupture rupture rupture rupture rupture 

Material Abbreviated | Specific strength? strength strength strength strength strenctr. 
Designation| Composition | Gravity | (1b/sq in.)|R.S.G.° (1b/sq in.)|R.S.6.e (in /ae ¥q evi coe. 


38,700 17,000 47,000 16 ,000 44,200 
28,400 17,000 37,100 12,000 26,200 
22,600 18,000 34,000 10,000 


33,200 

20,700 16,000 

34,000 5,500 
}——_ 


4811 High 3.0 14,000 
Beryllia 
151 Beryllia and 3.8 13,000 
Zirconia 
353 High 12,000 
Zirconia 
358 High 12,000 20,300 
Zirconia = 
3.0 


27,000 
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alloys is given for purposes of comparison. Because only stress+! 
rupture values were available for National Bureau of Standards 
ceramics, strength-weight ratios are given for these materials 
using stress-rupture strengths instead of tensile strengths. The 
strength properties of the hot-pressed materials are lower, in 
general, than the best National Bureau of Standards materials 
at 1800 F, but are probably better at 2200 F on the basis of in 
direct tensile data on the National Bureau of Standards bodies. 

A number of ceramals (combinations of ceramics and metalsi} 
that are pressed and sintered or hot-pressed) were evaluated inky 
elevated-temperature tensile tests. These ceramals, obtained] 
from the Kennametal Corporation, contained titanium carbides} 
as the ceramic, and cobalt as the metal in varying proportions,}f}) 
Specimens were 0.505 in. diam at the test section and were of the 
shape recommended in reference (4). The results of these evalu: 
ations are given in Table 4 (5). The values in Table 4 are either} 
averages for two specimens, or results of single tests. It will bew 
noted that the strength-weight ratio is a maximum for the 20 pe 4 
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cent cobalt composition. The probable reason for the peak isi 
that an optimum amount of metal serves as binder in combina- 
tion with the ceramic, and that additional metal provides weaker 
material (the metal), in the interstices between the bonded} 
carbide particles. This optimum percentage of metal should 
vary inversely as the size of ceramic particles because of the} 
change in volume-area ratio of the particles with size. 
A comparison of all materials discussed may be made from} 
Table 4. It can be seen that at a temperature of 1800 F, the best ! ; 
ceramal is competitive in tensile strength with the best commer. | 
cial heat-resistant alloy and with the best National Bureau of 4 
Standards ceramic, although inferior to the best hot-pressed|j 
ceramic; at 2200 F, the best ceramal is superior to the best com- 
mercial heat-resistant alloy and is competitive with the best hot- 
pressed ceramic. 


: 
l} 
i 


1800° F 


ns3) (1b/sq in.) (1d/sq in.) 
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1255500 10,900 
4 Not a development of the National Bureau of Standards. 


® Notaceramic. Values from Table 1. 
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TABLE 3 SHORT-TIME TENSILE STRENGTHS OF HOT-PRESSED CERAMIC BODIES 


Apparent Tensile Tensile Tensile Tensile 


density strength strength strength strength 
(grams/ml ) (1b/sq in.) R.S.G.2 (1b/sq in.) RSioL2 


(1b/sq in.) (1b/sq in.) 


NBS Ceramic 
No. 48114 


lative specific gravity based on specific gravity of alloy A equal to @ Not a hot-pressed body. 


€ Data from a 4000-psi stress-rupture test at increasing temperature—a 


b Probably low values. minimum value. 


¢ Not a hot-pressed body. Values obtained from-Table 1. 


TABLE 4 SHORT-TIME TENSILE STRENGTHS OF TITANIUM CARBIDE-COBALT CERAMALS 


Density Tensile Tensile Tensile Tensile 
Composition (grams/ml ) strength strength strength strength 
(1b/sq in.) R.S.G.2 (1b/sq in. ) R.S.G.° 
(1b/sq in.) (1b/sq in.) 


TiC + 10% Co 24,600 40,400 14,400 


TiC + 20% Co 13,200 


N.8.S. Ceramic 
No. 48114 


b 


i i i i i loy A equal to @ Not a ceramal. : : 
Be ttive ae Srey Deere ur os ee ees reer e é€ Data from a 4000-psi stress-rupture test at increasing temperature— 
“> This body was hot-pressed. Datafrom Table3. Nota ceramal. a minimum value. 


¢ Probably a low value. 
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BENDING PROPERTIES 


The tranverse flexural strengths of a number of ceramals were de- 
termined at elevated temperature instead of the tensile properties, 
because of ease of evaluation of flexure properties. The specimens 
were machined in the form of rectangular bars 1/» in. in width, 
1/, in. deep, and from 2 to 4 in. in length. A three-point loading 
system was employed. Temperatures of 1600, 2000, and 2400 F 
were fixed as evaluation temperatures. The specimens evaluated 
were composed of titanium carbide and varying proportions of 
cobalt, of tungsten, or of molybdenum. The objects of these 
tests were to determine if an optimum composition exists for each 
pair of component materials, and to determine the effect of re- 
fractoriness of metal binders on the strength of ceramals at high 
temperatures. If it is assumed that there is an optimum quantity 
of metal binder that is just adequate to coat all ceramic particles, 
a deficiency of metal would result in an incomplete bond, and an 
excess of metal provides a superfluity of a material weaker in 
physical properties than the remainder of the body. 

The results of these flexure evaluations performed in inert 
atmosphere (5) are given in Fig. 1, in which percentage metal by 
weight is plotted against modulus of rupture (calculated maxi- 
mum stress in outer fibers of specimen at fracture) with tempera- 
ture of test as a parameter. At the lower temperatures, 20 per 
cent cobalt appears to be the optimum proportion, but the opti- 
mum quantities of molybdenum and of tungsten are not con- 
sistent at the different temperatures, although the tungsten ce- 
ramal appears to peak at 10 per cent metal content. At the highest 
temperature of evaluation, 2400 F, the molybdenum body is 
strongest, the tungsten less strong, and the cobalt weakest. At 
the lower temperatures, 1600 F and 2000 F, the cobalt-bonded 
titanium carbide is strongest. 

An approximate correlation can be made between modulus of 
rupture and short-time tensile strength based on results for 


TABLE 5 TENSILE STRENGTHS OF TITANIUM-CARBIDE-BASE CERAMALS 


1800° F® 22000 Fa 


Tensile 
Density strength 
(grams/ml ) (1b/sq in.) 


TiC+ 5% Co 


oo 
NQ 


(SS) 


TiC + 10% Co 3 
TiC + 20% Co 5.37 
TiC + 30% Co 5.61 
TiC+ 5% Mo 5.12 
TiC +10% Mo 5.06 
TiC + 20% Mo 5.24 
TiC+ 30% Mo 5.77 
Tic+ StW 5.14 
TiC+10% w 5.22 
TiC + 20% W 5.31 
Tic+ 30% W 


Alloy Ha 
NBS 4811° 


B,c® 
Zrc® 


MOR ee values interpolated from data at 1600, 2000, and 


> Tensile strength = modulus of rupture/2. 
i one specific gravity based upon specific gravity of alloy A equal to 
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brittle materials at a number of laboratories. The short-ti 
tensile strength is usually found to be about 0.4 to 0.6 of t 
modulus of rupture. Assuming that the short-time tensi 
strengths are 0.5 of the modulus of rupture, the values of streng 
and strength-weight ratio (with the specific gravity of alloy A 
unity) are given in Table 5 for these materials. These values we} 
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STRENGTHS OF Some TITANIUM-CARBIDE-BASE CERAMALS 


obtained by interpolation from Fig. 1. For comparison purpose i} 
similar values are given for alloy A and for the best ceramics. | 


Tensile Tensile Tensile 
strength strengthd strength 
R.S.c.° | (20/sa in.) R.S263° 
(1b/sq in.) (1b/sq in.) 


SS ST SSS SC ST AAA ST aN A TEE 


d Data obtained from Table 1. 
e Data obtained from Table 3. 


f Data fro -psi . . 
Achaia ce 4000-psi stress-rupture test at increasing temperature—d) | 
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CREEP 


Creep data are important because they permit estimation of the 
time that turbine blades of a given material can be operated with- 
out excessive deformation. Such data are available, however, 
only for alloys and for the National Bureau of Standards ceram- 
ics at the present time. These data are given in Table 6 in 
terms of stress for a given creep rate and ratio of stress to specific 
gravity with the specific gravity of alloy A as unity. It is known 
that alloy B is only slightly better than adequate for operation at 
a metal temperature of 1500 F. The creep rates of the best ce- 
ramics at temperatures of 1800 and 1900 F are seen to be adequate, 
in general, when compared to the creep rate of alloy B at 1500 
F. 


THERMAL SHOCK 


- Thermal shock of turbine blades occurs when a turbine is 
started or stopped. The temperature gradients produced may be 
“high enough to crack metals as well as ceramics and ceramals, 
but usually a number of shock cycles are required to produce 
fracture. The failure typical of ceramic and ceramal specimens 
of turbine-blade dimensions is a fracture through the body of the 
material rather than a spalling of the surface. 

The resistance to failure by thermal shock is poorer, in general, 
for oxide-base materials than for carbide-base materials, chiefly 
because of the higher thermal conductivity of the carbides. Most 
metals are very resistant to thermal shock because they possess 
good thermal conductivity and high ductility, which permit 
large values of allowable strain before fracture: 

Norton (6) has summarized the fundamental factors in- 
volved in failure by thermal stress. Briefly, the properties of 
materials at elevated temperatures required for maximum re- 
sistance to thermal shock are as follows: 


TABLE 6 CREEP STRENGTHS FOR COMMERCI 
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1 High tensile strength. 

2 High thermal conductivity. 

3 Low specific heat on a volume basis. 

4 Low effective modulus of elasticity (ratio of stress to strain 


at fracture). 

5 Low coefficient of thermal expansion. 

6 Low emissivity. 

7 Low exterior conductivity (heat loss by convection at the 
surface). 


Data were available for a number of materials on strength, 
conductivity, effective modulus, and expansion, so that a correla- 
tion of these factors with thermal shock resistance (7) could be 
attempted. 

The resistance to failure from thermal shock was determined 
by heating circular disks 2 in. diam and !/, in. thick to a given 
temperature and quenching them in a moving stream of cooling 
air. If a specimen withstood 25 cycles of shock at a given tem- 
perature, the test was continued at the next higher temperature 
for another 25 cycles, to a maximum temperature of 2400 F. 

The parameter used in evaluation was 


(K) (2S) 
(a) (#) 


where 


K = thermal conductivity 


TS = tensile strength 
a = coefficient of thermal expansion 
E = effective modulus of elasticity 


A large value of this parameter is indicative of good resistance to 
thermal shock. Table 7 lists the correlation obtained for a ti- 
tanium carbide-cobalt ceramal, for magnesia, for titanium car- 
bide, for beryllia, for zircon sand, and for stabilized zirconia. 


AL HIGH-TEMPERATURE ALLOYS AND CERAMICS 


1500° F 1600° F 1700° F 
Stress for Stress for |Stress for |Stress for |Stress for |Stress for |Stress for | Stress for 
minimum minimum minimum minimum minimum minimum minimum minimum 
creep rate creep rate |creep rate |creep rate |creep rate |creep rate |creep rate | creep rate 
of 0.0001 of 0.0001 of 0.0001 of 0.0001 of 0.0001 of 0.0001 of 0.0001 of 0.0001 
percent percent percent percent percent percent percent percent 
Specific|psr hour er hour es hour er hour per hour er_hour per hour er hour 
gravity |(1b/sq/ in.) | Ro S. G.& |(1b/sq in.) pe Sema (1b/sq in.) Tr a Sma (1b/sq in.)|R. S. Ga 
(1b/sq in.) (1v/sq in.) (1b/sq in.) (1b/sq in.) 
5,800° 5,600° 2535 coc 
13,200 11,700 11,300 ---- eo 
12,600 oo-- a; === oe 
11,600 9,000 8,900 ---- Base 
13,200 11,600 11,600 ---- Faas 
ae 14,000 38,700 14,000 38,700 10,000 
asa alae ----6 17,000 32,100 5,000 
=< ----° ----° -<--- ---- 5,000 
---- 13,000 35,900 12,000 33,200 5,000 
eae seed o--- 16,000 30,200 4,000 


4 Relative specific gravity based upon specific gravity of alloy A equa 
to 1.00. 
b This alloy is u 


rapid decrease in the stress from the 1500 F to 1600 F test. 


1 © Creep rate negligible for stresses at which tested. 


sed in the as-forged condition which may account for the 
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Alloy A is presented for comparison, although no thermal shock 
data were obtained for it. The correlation is seen to be good and 
shows the marked influence of thermal conductivity for the 
carbides. 

A number of other materials were evaluated in thermal shock 
without obtaining data for correlation purposes. These materials 
are given in Table 8 in order of descending resistance to thermal 
shock. In general, the carbide-base materials are superior to the 
oxide-base materials, provided the tensile strengths at elevated 
temperature are adequate. 

The effect of time at stress and temperature on the alteration 
of microstructure and concomitant physical properties has been 
neglected in this investigation because of the large expenditure of 


TABLE 7 CORRELATION OF MATERIAL PROPERTIES WITH RESISTANCE TO FRACTURE BY THERMAL SHOCK 


Thermal shock 
cycles before 
failure 


Temperature (°F) 
ee 2200] 2400 


Order of merit of thermal 


of materials 
evaluated in 
thermal shock 


c x 10*6 


eo ee | 
89% TiC + 20% Co 25 


: 
2rS104 


94% Zr0o Se 
6% Cad 


¢ Not yet evaluated, but probabiy best of all materials given. 
b No failure. 
¢ Value for 80 per cent TiC + 20 per cent Co. 


time and specimens which would have been required to obtain 
such long-time properties as 100-hr stress-rupture strengths. 
This factor should be taken into account when conducting a com- 
plete investigation on a material thought to be suitable for tur- 
bine-blade use, in order to evaluate the deterioration of tensile 
properties with time. 

Another factor which has been neglected is the cumulative 
effect of successive thermal shocks on the tensile properties of the 
materials. It is probable that failure in a turbine blade might 
occur from the action of centrifugal stress after the material had 
been weakened by shocks. The data required for analysis of 
possible failure by this mechanism would be tensile strength after 
a given number of thermal shocks. 


CoRROSION 


The principal form of corrosion to be considered in gas turbines 
operating on fuel of low sulphur and negligible tetraethyl lead 
content is oxidation. Oxidation has no effect on oxides, except 
for the possibility of forming oxides of higher oxygen content. 
It is necessary, however, to determine the oxidation rates of 
carbide-containing materials as well as ceramals, in which the 
metal may be oxidized, 

Oxidation rates have been determined for some carbides (8) 
and carbide-base ceramals. These rates are given in Table 9. In 
analyzing the rates, the quality of the oxidation product must be 
considered. For example, the oxides formed on a turbine blade of 
20 per cent cobalt-titanium carbide ceramal were capable of with- 
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Coefficient 


expansionfor 
temp. range 
80 - 1100°F 
(in./in./°F) 


standing operation at high gas temperatures and rotative speedl| 


when as much as !/15 in. thick. 
The oxidation rates shown for the carbide-type ceramals 4 


moderate operating temperatures are not excessive, but those # i 


gas temperatures of 2100 to 2200 F are so high that life of a turbin 
blade probably would be limited by oxidation to about 10 ha 


The resistance to oxidation possibly may be improved by addiff 


sistant to protracted oxidation, can be formed. 


A necessary step in the search for oxide products which are reg 


sistant to further oxidation is the identification of the oxide pro 
duced. This identification is readily performed by a combinatiog 
of x-ray diffraction and wet chemical analysis. X-ray diffractios 


Effective 

modulus of 
elasticity 
at 1800° F 
(1b/sq in.) 


Tensile 
strength 
at 1800° F 
(1b/sq in.) 


Thermal 
conductivity 
(Btu/ (ft?) 
(hr) (°F /in. ) 


Ex1077 


2,950 
1,700 
520-1300 


3,100 


d Temperature range 80 to 925 F. 
€ Value for ZrO. 


TABLE 8 THERMAL-SHOCK EVALUATION OF CERAMICS AND 


CERAMALS 


Number of cycles to failure 


1800° F | 2000° F | 2200° F | 2400° F 


25% 
25% 


Compo sition 


80/20% Tic/Cco 
100% Tic 
85/15% Sic/B4C 


14 
21 


| 


| 


100% Beod 


100% Zrc 


100% ZrSio A 


100% B,C 


100% Mgo 


(Stabilized) 


2 No failure. 
+ Excessive oxidation, sample fell out of holder, 
¢ Values are believed to be low. 
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TABLE 9 OXIDATION RATE OF so 


Composition 


16250 F 


26%cr - 20%n12(1) | 900004» 


25%cr - 129nN18(1) | .oqo0025> 


[rss som co | ose | 
[rie stn | somes | 
[aie +iog wo | 0080 
wa 
008 | 
3.45° | 


-0007 
.0024¢ 
-0015 
-0011 


20047 
-0093¢ 


20044 
20073 
20023 
0028 
-0027 


TiC + 30% Mo 


¢ Not a carbide-base material. 
6b 1600 F data. 


alone is suitable, provided there is no possibility of the formation 


of isomorphs among which diffraction cannot distinguish. By 
this means it was found that the oxide formed on the 20 per cent 
cobalt titanium-carbide ceramal was composed of two layers, 
one of TiO: (rutile), and one of CoTiO;. Correlation of oxidation 
rate, consequently, should be made with constitution of the oxide 
coating in order to determine which additions should be made to 
the basis material for best oxidation resistance. 


THERMAL CONDUCTIVITY 


Thermal conductivity, in addition to influencing resistance to 
thermal shock, has a marked effect on the operating temperature 
of turbine blades. The heat from combustion gases is communi- 
cated to the blade which in turn loses heat to the cooler turbine 
wheel. The high conductivity of some carbide-base materials 
exceeds that of most commercial heat-resistant alloys and is, in 
general, far higher than oxide-type ceramics. A simple experiment 
in which alloy, ceramic, and ceramal blades are mounted in a 
wheel and passed through the flame from a gas torch for a given 
time reveals that the ceramic is white hot, the alloy bright red, and 
the ceramal a dull red. The same order of temperature would 
prevail in a turbine in which, for a given gas temperature, the 
ceramic would run hottest and the carbide-type ceramal coolest. 
Thus a designer must employ different temperatures of evalua- 
tion in analyzing the possible use of different materials as turbine 
blades. Table 10 presents data from literature on thermal con- 
ductivities of several materials. 
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ME CARBIDE-BASE MATERIALS 


Oxidation Penetration 
in 100 hours (in. ) 


Temperature 


¢ Extrapolated data. 


TURBINE-WHEEL EVALUATION 


A number of turbine wheels have been run either completely or 
partly bladed with ceramic or ceramal blades. One wheel (2) 
was operated with sillimanite blades at low rotative speeds at 
gas temperatures up to 1600 F. Failure occurred at a compara- 
tively high speed, 10,000 rpm, at 500 F gas temperature because 
of stress concentration between wheel and blades. A redesigned 
blade was operated for 38 hr at temperatures as high as 1725 F, 
and speeds up to 8700 rpm. The difficulties encountered with 
this unit were primarily problems of mechanical design so that 


TABLE 10 COEFFICIENTS OF THERMAL CONDUCTIVITY OF 
CERAMICS, CERAMALS, AND METALS 


Coefficient of thermal conductivity 
Material Btu/(ft”)(hr)(°F/in, ) 
| 3920 F-| 1112° F] 1600° F | 2000° F |] 2400° F]- 
Silicon carbide, 115 95 
recrystallized 
ire 


80% Titanium carbide 
20% Cobalt 


Alloy A 


Alloy 8 
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the potentialities of the ceramic could not be determined defi- 
nitely. 

Blades of similar design were fabricated from National Bureau 
of Standards 4811 material. The results (9) indicate that the 
material is suitable for operation at least at speeds of 14,000 rpm 
and gas temperatures of 1800 F. A severe thermal shock set up 
by failure of the air supply caused fracture of the blades. 

‘Blades of another design were fabricated by the Kennametal 
Corporation from 20 per cent cobalt-titanium carbide in such 
manner as to be interchangeable with metal blades in a turbine. 
Three ceramal blades and 139 blades of alloy A were successfully 
operated (10) at gas temperatures up to 2000 F and speeds up to 
15,000 rpm. Almost simultaneously with increase of speed to 
17,500 rpm all ceramal blades failed at the root where material 
temperatures are very low. The probable cause of the failures 
was resonant vibration at the particular operating speed, al- 
though a contributing cause probably was damage done to the 
blade roots when the wheel metal was peened against the blade 
roots for retaining purposes. 

Another installation of three blades of 20 per cent cobalt- 
titanium carbide ceramal was made, this time without peening 
the wheel metal against the blades. In addition, the blade roots 
were plated with copper in order to reduce possible localized 
stresses produced by bearing against the wheel. Twelve new 
control blades of metal (alloy A) and the three ceramal blades 
were operated at varying conditions including 2!/, hr at a gas- 
inlet temperature of 2200 F and a wheel speed of 15,000 rpm. Up 
to this point 50 per cent of the metal control blades had failed. 
During an overhaul for replacement of a failed metal blade, one 
ceramal blade was inadvertently fractured by being struck. 
Operation was resumed at 2200 F gas temperature and 15,000 
rpm. After 3!/2 more hours of operation at this condition, during 
which 2 more control blades failed, a piece of the wheel rim hold- 
ing one ceramal blade pulled apart from the wheel proper. The 
direct cause of the failure is believed to be the high temperature 
at this point on the wheel caused by the high thermal conductivity 
of the carbide-type ceramal. Excessive creep of the rim had been 
noticed in previous runs, but replacement of the wheel had not 
been made for fear of damaging the ceramal blades. The third 
ceramal blade failed simultaneously with the wheel failure in 
what may have been a normal failure. It is difficult to state that 
any of the ceramal blade failures was normal, because of the 
events surrounding their destruction. All that can be concluded 
is that one ceramal blade outlasted 50 per cent of the metal 
blades, and one ceramal blade outlasted 67 per cent of the 
metal blades prior to failures that were not caused by failure of the 
blade material. The third ceramal blade outlasted 67 per cent of 
the metal blades when it failed, perhaps normally, simultaneously 
with a minor wheel failure. 

It is apparent that carbide-type ceramals present wheel-cooling 
problems because the heat transfer from the combustion gas to 
the wheel rim is large. This problem probably can be solved by 
the use of better wheel materials or by added wheel cooling. 


CONCLUSION 


A number of ceramics and ceramals have demonstrated their 
excellent tensile properties at elevated temperature. Carbide- 
base materials possess good thermal shock resistance and operate 
cooler than most high-temperature alloys or oxide-base materials, 
although they may present oxidation problems and difficulties 
with wheel cooling. Both ceramics and ceramals have operated 
as blades in gas turbines at temperatures above those in service 
use with alloy blades, although speeds were lower. Lives of 
ceramic and ceramal materials are still short, primarily because 
of mechanical design problems which cannot be anticipated prior 
to research evaluation. Additional research is required on such 
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factors as elevated-temperature fatigue properties before ceran]| 
ics and ceramals may be considered competitive with heat-ng 
sistant alloys except for short-time operation. 
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Discussion 


J. W. Freeman.’ The author is to be complimented on a 
thorough and complete coverage of a new and interesting de4 
velopment in structural materials. He is indeed fortunate tq 
have the opportunity to be in a position to work with these new! 
materials which show so much promise for extreme temperature} 
service. 

The presentation was so thorough that it is difficult to discuss 
the paper without simply raising questions which the workers} 
in the field have not yet had time to solve. There are thred| 
questions, answers to which would be of interest: 


1 What was the type of wheel failures with the ceramal| 
blades? 

2 Ceramics and ceramals present problems of mechanica 
design for the utilization of brittle materials. Is the testing of 
ceramic and ceramal-type blades in an engine designed fox 
metals satisfactory for these brittle materials? 

3 The data infer that ceramics and ceramals have properties} 
superior to metals at the more elevated temperatures. Is itf 
therefore not surprising that the metal blades performed so 
well at the extreme temperatures in comparison to the TiC-20) 
per cent Co ceramal blades? 


’ Research Engineer, Engineering Research Institute, Universit 
of Michigan, Ann Arbor, Mich. 
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BOBROWSKY—APPLICABILITY OF CERAMICS AND CERAMALS AS TURBINE-BLADE MATERIALS 


AuTHOR’s CLosURE 


It is difficult to specify unequivocally the nature of the single- 
wheel failure that has taken place. The ceramal blade funneled 
more heat to its root than did the alloy blades to their roots, 
consequently overheating the failure zone. Deformation had 
previously been noted in this region also. It may be presumed 
that the failure was of a stress-rupture type because no signs of 
fatigue nor excessive corrosion were displayed by the fractured 
surface. 

In answer to Dr. Freeman’s second question, the author thinks 
that each ceramal should be considered as a separate case for 
design especially at the root fastening. In general, however, the 
ceramals do not possess as high strength at the roots as the 
alloys because the root operates cooler than the airfoil section 
and the ceramals are chiefly advantageous at the higher tem- 
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peratures. On the other hand, the lower densities of most 
ceramals reduce the centrifugal stress proportionately. The 
net result is that the root size may have to be increased for the 
heavier ceramals or remain unchanged for the lighter. Special 
precautions should be taken not to injure the blade root in 
mounting it in the wheel. The root may have to be protected 
by a thin coat of a soft buffer metal from compressive fracture 
if the wheel is forced against the blade because of thermal 
expansion. 

The results presented on ceramal turbine blades are first 
results. Of all ceramal blades evaluated, only one can be con- 
sidered as a possible normal failure. For these reasons, it is 
preferable to await additional evaluations before commenting 
on whether the potentialities of the carbide ceramals have been 
assessed to their fullest. 


Changes in Internal Damping of Gas-Turbine 
Materials Due to Continuous Vibration 


By G. B. WILKES, JR.,1 LYNN, MASS. 


A pneumatically driven elevated-temperature fatigue 
machine and its control are described briefly. The use 
of this machine to determine qualitatively the initial 
damping as well as the changes in damping of the test 
specimen during vibration are discussed. The variation 
in high-stress initial damping versus temperature has 
been determined qualitatively on four high-temperature 
-alloys. The elevated-temperature damping has been 
checked qualitatively during continuous vibration at high 
- stresses. Two materials with extremely high initial 
damping tended to lose a large portion of it with time. 
The other materials showed damping changes of as high 
as 25 per cent with some increasing and some decreasing. 
Most of the data were taken below the fatigue limit and 
at temperatures of 1200 F, 1350 F, and 1500 F. 


INTRODUCTION 


URING the course of setting up and operating a pneu- 
D matically driven fatigue machine at high temperatures, 
it was noticed that, with constant air pressure (driving 
force), the amplitude of vibration, and hence stress, did not neces- 
sarily remain constant. In one case, the pressure required to 
maintain constant stress dropped by a ratio of 5 to 1 after only 
a few hours’ vibration. This naturally provoked considerable 
interest among those concerned with the fatigue problem in 
turbine buckets, and a series of tests were made to determine, 
qualitatively, the damping characteristics of several materials 
during the course of vibration. The main objective of these 
tests was to evaluate the importance of the change in damping as 
_well as the accuracy of the method used to determine it. There- 
fore these tests do not give a complete story, but do give a strong 
indication of what appears to be an important property of some 
metals. 


Test APPARATUS 


Since the work about to be described was carried out on a new 
piece of apparatus, a brief description of it will be given, although 
the designer has previously reported it.2_ It is a vibrating-canti- 
lever fatigue machine, employing compressed air for driving pur- 
poses. The top or free end of the bar holds the armature which 
consists of two opposed pistons. These face two nozzles which 
are the two ends of a variable-length piece of tubing. The driving 
air is fed into the center of the tube. The length of the tube or air 
column is so adjusted that its length is either one half or one and 
one-half times the wave length corresponding to the natural fre- 
quency of the bar. Under these conditions, the air column and 


1 Metallurgical Engineer, General Electric Company. 

2 “Pneumatic Fatigue Machines,’”’ by F. B. Quinlan, Proceedings 
of the American Society for Testing Materials, vol. 46, 1946, pp. 846- 
Se eeibeie by the Joint Committee on Effect of Temperature 
on the Properties of Metals and the Gas Turbine Power and Metals 
Engineering Divisions and presented at the Annual Meeting, New 
York, N. Y., November 28-December 3, 1948, of THr AmmpRICAN 
Socrery or MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—A-95. 
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bar form a resonant system with the vibrating air column 
supplying a driving impulse to the bar every half cycle. Fig. 1 
shows the machine with the various parts identified. The bar 
itself is held in a heavy chuck which extends part way up into the 
furnace. The temperature is controlled by a thermocouple 
fastened to the bar at the point of maximum stress. Even 
though the furnace is quite short, the stress gradient in the bar is 
sufficiently steep to give essentially constant temperature over 
the highly stressed section. The small coil and magnet shown on 
one nozzle is the source of energy used for amplitude-control 
purposes. 


Fig. 1 Pneumatic Fatiagurn MacHINE 


‘ 

Fig. 2 shows the amplitude-control apparatus. The output of 
the coil and magnet is rectified and applied to a mirror galva- 
nometer with suitable shunting. A light beam is reflected from the 
mirror to a photoelectric cell, which in turn operates a relay and a 
motor-driven air valve on the machine. Suitable limit switches 
shut down the entire machine in the event of bar failure or failure 
of any part of the control system. The filter is necessary to block 
any 60-cycle pickup from the furnace which would affect the con- 
trol. 

Damping data are obtained by measuring the steady pressure 
in the air column near the nozzle. This pressure is admittedly 
supplying energy to a number of places besides the internal 
damping of the test bar, but the author believes that the results 
which follow will support the contention that material damping 
changes are reflected in pressure changes. Owing to losses, 
other than damping of the test specimen, whose magnitudes are 
not known, any damping-capacity data taken in this manner 
should be considered as more qualitative than quantitative. 
The pressure in the air column is composed of a pulsating as well 
as a steady component. In order to determine the reliability of 
the steady component alone for power measurements, one bar 
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Fie. 2 Auromatic-ConTROL PANEL 


was run while measuring both components at the same time. 
The relation between them was found to be very close to linear 
at all pressures. The phase angle between the pulsating pressure 
component and the output of the control coil (motion of the bar) 
indicated that the system was tuned to give approximately 
maximum power. 


EXPERIMENTAL PROCEDURE 


In order to obtain a general idea of the damping properties of 
alloys for high-temperature service, four alloys were chosen 
whose compositions and heat-treatments are shown in Table 1. 
Two more or less iron-base alloys (Timken 16-25-6 and N-155), 
one cobalt-base alloy (S-816), and one nickel-base alloy (Inconel 
X) were picked as representative of the field. Three test bars of 
each material were made, as shown in Fig. 3. There are several 
disadvantages of a rectangular bar, but since it was found quite 
difficult to get a round bar to vibrate in the proper plane, a rec- 
tangular bar became a necessity. The natural frequency of 
these bars ranged from about 150 cycles per sec (eps) at room 


TABLE 1 COMPOSITION AND HEAT-TREATMENT OF ALLOYS 
USED IN TESTS 


CoMPOSITION 
Fe Cr Ni Mo W Co Cc Cb Ti 

S-81 Gi cit bee hte 2 20 20 4 4 45 0.4 4 
Inconel X...... 6 15 Go) ne me ue 0.1 1 D 
INALSS ON Alot 33 21 19 3 2 20 0.2 1 
Timken aeissab 52 16 25 6 ne he 0.1 te 

TREATMENT 
ssi) sh, Wp spear 2150 F—1 hr 1400 F—16 hr 
Inconel X....... 2100 F— hr 1550 F—24hr 1300 F—16hr 
NedO Onin epee 2175 F—1 hr 1400 F— 4hr 
Timikeneaoe sues Cold-drawn bar stock 
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temperature to 130 cps at 1500 F. For the initial damping dats 
ie., before any prolonged vibration, one bar of each materi 
was run in each of three machines in order to best rule out a 
pressure changes due solely to the characteristics of a particule 
machine. A pressure-versus-stress curve was obtained on ea 
bar at room temperature, 400 F, 800 F, 1200 F, 1350 F, and 1500 E 
The curves were made by applying a small pressure to the air col 
umn and waiting about 15 to 20 sec for the amplitude of the bal 
to become steady. Pressure and amplitude readings were the 
taken simultaneously. The pressure was then increased by | 
small amount, and the procedure repeated. By this process thi 
total time of vibration of the bar might be as high as 10 to 1. 
min which may have a small effect on all subsequent tests. 4 
family of curves from one bar is shown in Fig. 4, and the 1200 I 
curves from the three bars of the same material are shown in Fig! 
5. These two sets of curves are shown only to indicate the nay 
ture and accuracy of the data; the composite curves to follov 
give a much better picture of the damping properties. It will bs 
noted in Fig. 5 that the duplication of results is within approxi 
mately + 25 per cent of the average of the three, and therefor} 
any comparison between materials must show a 2 to 1 difference 
to be truly significant. 
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EXPERIMENTAL RESULTS 


The composite curves shown in Fig. 6 indicate the variation 
in damping at 40,000 psi with respect to temperature for the four 
alloys tested. Each point is the average of three bars. Note 
the minimum damping at 800 F for all but the iron-base alloys, as 
well as the extremely high values for N-155 above room tempera- 
ture. The damping of N-155 was so high above 800 F that the 
pressures to produce 40,000 psi were above the limit of the gage 
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WILKES—CHANGES IN INTERNAL DAMPING OF GAS-TURBINE MATERIALS 


then available. Fig. 7 shows a similar series of pressure versus 
stress curves for S-816 at 1200 F, demonstrating an apparent 
temporary ceiling on stress. Curve A is the original curve made 
on increasing stress, and it will be noted that 80 em of water 
pressure produced only about 47,000 psi (point 1). After about 
10 min at 80 cm of water, the stress had increased to 54,000 psi 
(point 2). The automatic control was then turned on and the 
stress held constant for 2 hr, during which time the required 
pressure dropped to 40 cm of water (point 3). Curve B was then 
made while decreasing the stress, and curve C immediately after- 
ward on increasing stress. Note the difference in curve shape 
probably resulting from not more than a few minutes’ rest. 
Curve D, on the other hand, was taken on increasing stress after 
15 hr rest at temperature. It is quite similar to the original 
curve (curve A) at low stresses, indicating a recoverable change 
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in damping. This same type of damping change had been noted 
previously on 1020 steel at room temperature.’ At high stresses, 
however, the curve rises to the “‘ceiling”’ produced by the previous 
2-hr run which is considerably higher than the original ceiling. 

Although not shown in Fig. 6, this process was repeated three 
times before the bar failed. Each time the low-stress damping 
dropped to its original value, and the ceiling was pushed pro- 
gressively upward regardless of rest periods. The fatigue 
strength at 108 cycles of this bar was about 60,000 psi which means 
that all of the data in Fig. 7 were taken well below what is nor- 
mally considered the damage point. The low-stress damping re- 
covery is similar to the anelastic effect found in creep tests where 


3 Technical Report No. 2, “The Damping, Elasticity, and Fatigue 
Properties of Materials and Structures Under Sustained Cyclic 
Stress.” Sponsored by Office of Naval Research contract No. 
N6-ori-221; written by Syracuse University. 
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some of the total creep is recoverable with time at a lower or zero 
stress. 

After the tests of the type shown in Fig. 4 had been completed, 
one bar of each material was held at 1500 F and vibrated at 40,000 
psi for approximately 50 X 108 cycles, or until failure. The 
second bar of each material was cooled to 1350 F and vibrated at 
40,000 psi, while the third bar was cooled to 1200 F and vibrated 
at 60,000 psi. In all cases the pressure was recorded periodically. 
Figs. 8, 9, and 10 show the variation of pressure with time. 

Referring to the data shown in Fig. 8, for 1200 F, after 1.5 hr 
of vibration under full power, N-155 had built up only sufficient 
amplitude to give 45,600 psi (60,000 psi was intended); at this 
point the control was turned on and the bar run at that stress. 
After only a few hours, the required pressure had dropped to a 
point below the other materials. S-816 showed the same char- 
acteristics, except that the intended 60,000 psi was developed. 
Had these materials been rated according to their initial damping, 
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N-155 and S-816 would have topped the list by a wide margin, 
and yet after several hours of vibration, they shifted to the bottom 
of the list. 

Fig. 9 shows the results of similar tests at 1350 F. It will be 
noted that N-155 retains its characteristic high initial damping 
and rapid drop. S-816 shows a much less rapid drop, being in 
the order of 2 to 1 in 100 hr with no evidence of becoming flat. 
Fig. 10 begins to show the same trends at 1500 F, but because of 
the more or less early failure of the bars, long-time results were 
not available. The points enclosed in large circles indicate the 
time of failure of the bar but not the pressure at failure. Those 
points, which are off scale to the left, indicate the initial pressure 
and should be plotted approximately one log-cycle further to the 
left (0.01 hr). 


SUMMARY 


Tests on four gas-turbine-bucket materials have been con- 
ducted at elevated temperatures which involved the measure- 
ment of the pressure required to vibrate specimens in a pneu- 
matically driven fatigue machine. The pressure is assumed to be 
a qualitative measure of the internal damping of the material. 

It was found that at a peak stress of 40,000 psi, the nickel and 
cobalt-base alloys showed a minimum damping near 800 F and a 
sharp rise between 1350 F and 1500 F. The two iron-base alloys 
had a maximum damping between 800 F and 1200 F, a slight dip 
at 1350 F, and a sharp rise at 1500 F. 

Two of the materials indicated excessively high damping at 
1200 F and above at stresses below their fatigue limit. This 
high value, however, became rapidly smaller as vibration was 
continued, to the extent that they finally showed the lowest values 
of the four materials. This means that damping data obtained 
by more orthodox means in short times may, in some cases, be 
greatly in error if used in choosing materials for gas-turbine 
buckets. It appears that this could be a rather important factor 
in those designs where internal damping of the buckets is believed 
to be a major factor in limiting vibration. 

In closing, it should be emphasized that these results are based 
on a minimum of data and are therefore subject to some revision 
as more data are accumulated. Probably the largest single 
source of error is the fact that a number of successive tests were 
made on a single bar, and the results themselves indicate that 
past history may have a marked effect on behavior. 
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Discussion 


R. O. Fesr.* The author reports that the damping of mate- 
rials varies with temperature, and shows a minimum value at 


4 General Engineering and Consulting Laboratory, General Elec- 
tric Company, Schenectady, N 

6 “‘Measurement of the Damping of Engineering Materials During 
Flexural Vibration at Elevated Temperatures,’’ by Car! Schabtach 
and R. O. Fehr, Journal of Applied Mechanics, Trans. ASME, vol. 66, 
1944, p. A-86. 
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800 F. Tests previously conducted and reported® by us hay@ 
shown similar results. Those investigations showed, on song 
materials, an increase in damping with temperature increase@ 
above room temperature. Further increase of temperature led 
a reduction in damping. For example, the lowest damping we 
found for 13 per cent Cr-iron at approximately 900 F, for N 1&9 
at approximately 1050 F, and for S 495 at approximately 1050 
all for a stress of 30,000 psi. 


H. F. Moorn.® The author has presented an interesting su 
mary of some preliminary results of damping tests of severe] 


f 
ji 


high-temperature-resisting metals under repeated cycles of stress) 


preliminary results in this field about which so much is yet to by 
learned. His use of a fatigue machine driven by compressed aif 
in studying damping effects offers promise of usefulness in thy 
study of change of damping, and his use of the variation of pres 
sure as the tests proceed is worthy of critical study. 

To this discusser the further detailed study of the phenomeno! 
of damping seems to be another approach to the search for all 
experimental test which may possibly serve to locate the ver} 
early stages of the spreading fatigue crack, and thus to serve td 
shorten the long time necessary to find limiting stresses for oftif 
stressed machine parts. It would seem worth trying to study thd 
change of wave form of the damping curve after various lengthif 
of time and different numbers of cycles of vibration, as well a 
to note the change of pressure. 

In the investigation of the effect of repeated stress at high} 
temperatures, it may well be remembered that in such tests creep 
as well as repeated stress affects the results, and the study oj} 
creep occurring in any tests, especially tests which take a long} 
time to carry out, may yield some valuable information. Again}} 
the author is to be thanked for giving us a somewhat unusual 
viewpoint from which to study the behavior of metals under in | 
ternal friction, especially metals at high temperatures. 
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AUTHOR’S CLOSURE 


F Work done since this paper was submitted and still continuing} 
gives further support to the results reported. Comparisons noy 
being made between damping curves and pressure values indicate 
a fairly linear relationship between pressure divided by stress} 
and the logarithmic decrement. However, as expected, the} 
machine damping is fairly high, being about 0.7 per cent at low) 
stresses, down to 0.4 per cent at high stresses. By subtracting} 
the machine damping quite reasonable values of damping have! 
been obtained in the few cases where a direct comparison hast 
been made to more orthodox damping tests. Due to the hig hh 
machine damping it is obvious that very low internal- damping 
values cannot be accurately obtained. 

The author wishes to thank the discussers for their considera- 
tion. The suggestions of Mr. Moore are being given careful| 
thought and appear worthy of incorporation in our program. 
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The Mechanical Seal—Its Construction, 
Application, and Utility 


By C. E. SCHMITZ,! CHICAGO, ILL. 


This paper outlines important construction features of 
the mechanical seal; discusses speed, pressure, tempera- 
ture, and viscosity; application considerations, advan- 
tages, and when special construction is desirable; utility 
of the mechanical seal; and suggested services. 


a rather general statement, all mechanical seals basically 
are composed of a rotating and a stationary element, 
and some means of keeping them in contact (see Fig. 1). 

As the number of and kinds of seals and their utility are 
appreciated by mechanical engineers, the number of papers and 
articles on the subject are increasing. The need for a better 
understanding of construction, application, and utility of this 
important mechanical device is becoming keener, and _ this 
paper is especially directed toward those important factors. 


Fig. 1 Typrcan MErcHANICAL SEAL APPLIED TO A CONVENTIONAL 
Sturrine Box ork OTHER MECHANICAL DEVICE 


(a, Gland plate or cover; 6, stuffing box; c, shaft; d, floating seat ring, 

e, floating seat; f, sealing washer; g, shaft protecting. ferrule; h, retainer 

shell; t, bellows flange retainer; j, driving band; k, synthetic rubber bel- 
lows; 1, spring; m, spring retainer. ) 


CONSTRUCTION 


Of primary consideration is the vital matter of construction, 
and here are involved the following important factors: (1) 
Flexibility; (2) surface finish of the mating faces; (3) positive 
driving means; (4) metallurgy; (5) engineering, laboratory 
testing, and research. These factors are not necessarily ar- 
ranged in their order of importance. Each is important; all of 
them when properly co-ordinated make the most successful seal 
for the widest range of applications. 

Since each mechanical device to which a seal is applied has 
manufacturing tolerances, the seal itself must have manufacturing 
tolerances. Therefore it will become immediately evident 


1 Vice-President and Director of Engineering, Crane Packing 
Company. Mem. ASME. 

Contributed by the Machine Design Division and presented at the 
Annual Meeting, New York, N. Y., November 29-December 3, 
1948, of Tue American Socrety or MEcHANICAL ENGINEERS. 
This paper was also presented at a dinner meeting of the Ontario 
Section of the Society on March 11, 1948. 
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that flexibility is an important consideration. It is impossible 
to hold manufacturing axial tolerances below plus or minus 
0.005, and this even in so-called precision equipment. Many 
high-production items run as much as plus or minus 0.020. 
Thus it becomes obvious that when initially installed, a good 
mechanical seal must be able to compensate for this axial toler- 
ance, to which must be added the over-all length tolerances of 
the seal manufacturer, which on high-production items it is 
impractical to hold closer than plus or minus 0.015. It is evident 
that one might run into a condition of having to meet a total 
axial tolerance of plus or minus 0.035, and this is a conservative 
figure since, within the experience of many engineers, conditions 
of greater severity have been met (see Fig. 2). 
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Fig. 2 (a), Mmcuanican SEAL in Positron ror Usn; (6), AXIAL 
MovemMrEnt DzstrRABLE IN Goop Mm&cHANICAL SHAL CONSTRUCTION 


Another factor wherein flexibility is important relates to radial 
tolerances which frequently range from plus or minus 0.002, 
almost the minimum, to as high as plus or minus 0.005. Again, 
these are reasonably conservative figures. The properly con- 
structed mechanical seal, once set up in the installation, some- 
how must possess sufficient flexibility to compensate for wear at 
the contacting faces. Since wear is somewhat unpredictable, 
varying under several conditions of service, it is apparent that 
perhaps of highest importance in good mechanical-seal construc- 
tion is flexibility. To insure the maximum in life, provision for 
not less than 0.090 wear should be made, since, when that much 
wear occurs, the seal has lost its utility and should be replaced. 

As an example of just what a good seal might be called upon 
to do, a manufacturer, contemplating the use of mechanical 
seals, made an experimental hookup, and, as the shaft was 
rotated, struck it with a hammer and threw out any seal that 
leaked under this test. The radial movement of the shaft when 
the hammer blow fell was in the neighborhood of 0.035. Need- 
less to say, many seal designers and manufacturers had their 
products thrown out. This may seem a hard and unjustifiable 
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test, yet in many mechanisms the shock and work-load conditions 
are such as to impose axial movement of considerable con- 
sequence. 

A spring or series of springs is usually employed to keep the 
seal faces in contact as required to compensate for axial or initial 
tolerance. High loading usually will result in heating and ex- 
cessive wear of the seal faces. The flexing members, therefore, 
must be so designed as to require low pressure to assure proper 
movement under installation and operating conditions. Mate- 
rials used must be such that they will not work-harden and crys- 
tallize as so often occurs with thin metallic structures. 

Specially compounded synthetic rubbers provide about the 
best flexing members. While other materials have been used, 
frequently they are discarded as not too satisfactory in so far as 
life and general good service are concerned. In addition to hav- 
ing a flexing member which will withstand considerable axial 
movement with the least possible effort, it is further necessary 
that the component parts of a good seal must be so designed as 
to permit the flexing member to move radially and axially freely, 
and under all conditions of operation. 

The seat, usually stationary, should be so mounted in flexible 
materials that tightening of bolts or glands can in no way distort 
the closely lapped faces. Relatively heavy sections of iron or 
steel may be distorted by the pressure of one’s hand so as to throw 
a closely lapped face considerably off flatness requirements and 
good seal practice. Some mechanical devices still are designed to 
use so-called solid end plates, but these are rapidly being dis- 
carded in favor of the floating seat. Floating, as it does, entirely 
in a synthetic resilient ring imposes no detrimental stresses 
beyond the flatness requirement and further permits ready 
replacement at minimum cost. Such seats are readily adaptable 
to most mechanical devices, and permit the seal user to purchase 
the whole unit from one source. A progressive seal manu- 
facturer now supplies a complete seal unit, including a factory 
lapped and inspected stationary seat and rotating-seal washer, 
all having the required flexibility to meet the wide variety of 
operating conditions encountered. 


SuRFACE FinisH or Matine Faces 


Much has been written and said about surface finishes, pri- 
marily, perhaps, in regard to ordinary bearings where conditions 
are somewhat easier than encountered with seal faces. In one 
instance the rolling action of the shaft in the journal tends to 
roll in and on the lubricant, whereas seal faces usually are set in a 
vertical plane and present a somewhat more difficult problem 
in introducing proper lubricating films. Before the art of lapping 
and obtaining highly polished and parallel faces was commercially 
feasible, seal manufacturers used to ship seals and include with 
them a container of abrasive with instructions to set up the seal 
and put the abrasive paste between the faces, and thus wear 
them in. In rare instances some seal manufacturers follow this 
practice even today, but such practice is inconsistent with the 
trend and development of precision-lapping equipment. 

The manufacturer recommending the abrasive paste between 
the seal faces never told the user how to remove the abrasive 
material from between the seal faces once its mission was ac- 
complished, nor was any explanation given as to the effect of 
this abrasive material entering the oil or product handled. 
High surface finish eliminates the old so-called “break-in” period, 
permits more efficient and effective lubrication, by developing 
conditions which will eliminate oil-film failure by rupture through 
surface-to-surface contact. Costly experimentation and much 
research were necessary to work out the problem of equipment 
for producing at high speed satisfactory surfaces on the mating 
face of the seat and washer. 

Nor was the selection of equipment all of the problem. Tech- 
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nique of handling and conditioning of lapping fluids, stress 
relieving and product handling, were also to be worked out t 
make the process adaptable to high-speed-production require 
ments. 

There are two main objectives in the production of a goog 
mating or bearing surface: The one, “metallurgical,” is to rej 
move the defective metal previously produced at the surface b 
the shaping or dimensioning operations and to expose the tru 
crystals of the material actually bisected so as to have an exs 
tremely fine plane surface. The other, “geometrical,” is tq 
remove the hills and valleys (scratches and/or flaws) and, by the 
laws of physics, to generate a true and smooth surface which will 
eliminate the danger of film rupture and material-to-materia} 
contact which lead only to increased friction wear and failure. 

The following test data compiled at the Massachusetts In- 
stitute of Technology may be of interest to mechanical engi+ 
neers: This test was run to demonstrate the failure point of load- 
carrying capacity of the oil in a conventional bearing. The oi! 
used had a viscosity of 150 sec at 110 F, and was grade MS 
782. The shaft speed was 950 rpm. With a finish of from 22 te 
28 microinches, the failure point was an average of 71 1b. With a 
finish of from 8 to 10 microinches, the failure point was 153 Ib 
average. With a finish of from 0 to 2 microinches, the failure point 
was 217 Ib average. While these figures may not be wholly 
applicable to vertically running faces, they are at least indicative 
of what takes place with regard to seal faces. 

It was early discovered that root-mean-square (rms) speci 
fication, while important, was not the only problem to be con 
sidered. Flatness of the whole surface area is also important, 
and to this end optical flat inspection is required. Many scien- 
tific and engineering organizations are doing work on surface} 
finishes. Among those interested and working with the problem 
are the National Bureau of Standards, the Society of Automotive} 
Engineers, and the National Aircraft Standards Committee. 

Equipment to evaluate surface conditions is being improved] 
and made available to those interested in precision manufactur-| 
ing. Principal among the manufacturers of such equipment are} 
the Physicists Research Company, Brush Development Com- 
pany, Compar Company, and the several manufacturers of optical 
flats. 

The progressive seal manufacturer inspects, with optical flats, 
all lapped surfaces which he produces; spot checks will not suffice. | 
One hundred per cent inspection of each and every part that is! 
manufactured is necessary to assure users the best possible ord 
cision faces, optically flat, smooth, and thus designed to give 
the maximum of efficient long life. Lately some experimental 
work has been done with so-called liquid honing whereby abra- 
Sives ranging from 400 to 600 mesh are forced against the sealing | 
faces at extremely high velocities. It is yet too early to predict | 
whether or not this surface treatment will be beneficial in so far | 
as seal construction and production are concerned. 


Positive Drivinc MEANS 


A means of so driving the seal that none of the torque load 
can be or is imposed on the flexing member, whether it be of | 
metallic or synthetic materials, is important (gee Fig. 3). The 
washer or usually moving face may require considerable break- 
out torque and, if the flexing member is called upon to carry any 
part of this load or the running load, it soon crystallizes, espe- 
cially if the membrane is metallic. If it is of synthetic rubber, 
internal abrasion and constant flexing cause the material to 
break down rapidly, and seal failure of course results. 

Good practice requires that the flexing member must be so 
constructed as to permit close contact of the faces to compensate 
for wear. High unit loading tends to exclude the thin lubricating 
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iim. The manufacturers of many seals on the market today 
ittempt to use high spring pressure and thus impose the driving- 
orque load on the spring. Frequently this results in chattering, 
oor seal life, and general dissatisfaction. 


METALLURGY 


Good general metallurgy necessitates selection of proper ma- 
erials to withstand the medium in which the seal operates. 
fhis problem is not too severe in most industrial equipment, 
yhere brass and steel are most commonly used for sealing metal 
arts. These serve well in most oils, waters, greases, and hydro- 
arbon distillates. Seals are finding an ever-increasing use in the 
ighly complex chemical industries where corrosion is a common 
roblem. In these instances, stainless steel, is commonly used. 
lowever, in considering seal metallurgy, of highest importance 
re the washer and seat-material combinations. For most indus- 
rial installations combinations of a good grade of cast-iron seat 
rith carbon or synthetic-resin-bonded graphite-and-metal wash- 
rs make for long, satisfactory life. Such combinations are 
ridely used in refrigeration service and are well-suited for rela- 
ively high-speed industrial applications, where the principal 
roblem is to hold a lubricating medium, and perhaps gases such 
s these commonly employed in the refrigeration field. 

Carbon and bronze serve well for problems involving water, 
feehanite and ‘‘ni-resist’’ run well with carbon combinations in 
ertain types of installations. In highly specialized services 
tellite, steel, ceramics, and a host of other materials are run 
1 various combinations which testing and field service dem- 
nstrate are best-suited, As the need for and use of seals 
ontinue to increase, new combinations of materials are being 
ied. Almost every known combination of metal, carbon, and 
sramic product are experimented with and then used in actual 
stallations after research and laboratory testing reveal that 
1ere is a possibility of such materials being employed to the 
Ivantage of the seal user. 


ENGINEERING, LABORATORY TESTING, AND RESEARCH 


A seal can only be as good as the engineering, testing, and 
search which go into it. Engineering involves not only applica- 
ons but structural designs as well. No reference work being 
vailable, all developments must go through extensive laboratory 
sting to prove or disprove their utility. As an example, the 
atter of mating-face widths: A start is made with what seems 
eoretically practical, followed by actually testing various com- 
nations of wider and narrower faces. Each one, after the 
iginal idea, must be tried until at last the most desirable is 
lected for operation in a given material at selected speed, 
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temperature, and pressure. Handling another material may 
so change the results that another complete set of tests is neces- 
sary. 

Testing should not be confined to any one particular type of 


. equipment. A good variety of pumps and mechanical appliances 


should be available so that tests can be conducted over a rather 
wide range of services, and thus establish the most practical seal 
construction for the specific problem. There should be available 
in the mechanical testing laboratory means of testing under a 
wide variety of speed, pressure, and temperature conditions. 
Each test should be recorded carefully and the seal so tested 
should be catalouged carefully and kept available for observation 
at some later date should it be necessary. 

The engineering organization should be comprised of those who 
are especially trained in making applications to a wide variety 
of mechanical problems. It should include specialists in applica- 
tion principles, and others who are specialists in the art of design 
for development of the various parts which go to comprise the 
seal itself. 

Supporting the engineering department and the mechanical 
testing laboratory should be available the facilities of a completely 
equipped research laboratory to analyze various materials to be 
handled and to assist in selecting construction materials best- 
suited for any given problem. All this assures the user of me- 
chanical seals the best equipment that money can buy. 


SPEED 


Speed is of interest to the prospective seal user, especially in _ 
some of the newer mechanical appliances where speeds of 10,000, 
15,000, and 20,000 rpm are being considered rather generally. 
Tests so far conducted seem to indicate that about 12,000 rpm 
or 5,000 fpm (whichever is the lower) at the seal faces is about 
the maximum that can be tolerated. The mechanical appliance 
to which the seal is to be applied, and the liquid to be sealed are 
factors which materially influence maximum speeds permissible. 

The problem of excessive speed is not generally encountered 
in centrifugal pumps where speeds of 3600 to 4000 rpm are most 
generally used. In positive-displacement pumps speeds rarely 
exceed 1200 rpm, and therefore speed, in so far as the mechanical 
seal is concerned, is not too important in this type of equipment. 
Centrifugal blowers, having shaft speeds of from 6000 to 9000 rpm, 
present a real problem for the seal designer, owing to the large 
shaft sizes usually involved. Progress is being made and each 
new requirement leads to new research and study. 

Spring behavior must be studied when considering speed limits, 
since experience has shown that springs behave rather unex- 
pectedly under the influence of centrifugal force. The strobo- 
scope proves a handy instrument in this investigation. By 
running loaded springs at various speeds, the behavior of any 
particular spring or series of springs can be observed and designs 
can be arranged to suit the required condition. 


RECOMMENDATIONS 


Seat and Washer Material. Since there are few data available 
concerning the best-suited washer and seat materials, and since 
these parts running together do not follow the pattern of the 
sleeve bearing, elaborate tests should be set up and run to deter- 
mine the most suitable materials for any given set of conditions. 
Carbon products which include various grades that are filled with 
metals, carbon, or some synthetic substance, or synthetically 
bonded carbon, asbestos, metal combinations, make for less fric- 
tion and show good wearing qualities under general service condi- 
tions, and are widely used. 

Carbon washers running against close-grained cast iron, 
can be used successfully for jobs involving various grades of lu- 
bricating oils, distilled hydrocarbons, soluble oil, and similar 
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products. When handling hydrocarbons having a specific gravity 
of 0.55 or under, stellite shows excellent results. “‘Ni-resist’’ and 
carbon combinations do well in clear or gritty water, sea water, 
all grades of lubricating oil, and petroleum distillates, such as 
gasoline, kerosene, naphtha, and others having relatively high 
hygroscopic characteristics. 

Viscosity. It has been determined that viscosity plays an 
important part in seal construction. Tests indicate that up to 
3000 sec SUV, standard seal construction can be used. Over 3000 
sec SUV, special study and experimental work are necessary. 
Work thus far indicates that, as viscosity increases, spring pres- 
sures should be increased to prevent excessive increase in film 
thickness, since if the film thickness increases then ability to hold 
the liquid decreases. The major number of seal installations, fall- 
ing as they do in the viscosity range of 3000 sec SUV and under, 
no exhaustive study has yet been undertaken. It is hoped that 
in the not too distant future this subject can be studied and a 
report of the findings issued at that time. 

Dry Running. So-called dry running must be avoided in 
mechanical-seal usage, since the materials used for seat and 
washer tend to distort or abrade at temperatures of over 400 F 
in most instances (see Fig. 4). 

It is recommended that provision be made to insure liquid in 
the seal chamber at all times. Usually, this can be accomplished 
in the case of pumps, by providing a line from the pump discharge 
to the seal chamber. In mechanisms other than pumps, the 
liquid sealed usually can be brought in constant contact with the 
seal faces. 

No combination of materials has yet been discovered which 
can tolerate dry running for more than a few minutes’ duration. 
This situation must be watched carefully when handling materials 
which lose liquid phase under certain conditions of temperature 
and pressure. When handling extremely volatile liquids, pressure 
in the seal chamber must be maintained sufficiently high to insure 
liquid phase at all times. 

Pressure. The properly designed mechanical seal can be used 
for a wide range of pressure conditions. Standard seals can be 
used for vacuum service down to 0.5 mm of Hg abs, and on 
pressures up to 200 psig without difficulty and with any liquid 
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in which a seal can be operated. Mechanical seals were used. 
the 2500-ton cyclotron at Columbia University where vact 
down to 10-§ mm of Hg had to be maintained constantly, 
marily to give the swiftly moving ions a free path of movemé 
When pressures of over 200 psig are encountered in the ¢ 
’ chamber, balanced seal construction is recommended (see Fig. 
The balanced seal is so constructed that the seat and was| 
faces are in pressure balance. The hydraulic pressure within 
seal cavity is so disposed as to balance itself and thus only 
usual spring loading is necessary to compensate for wear. Lon, 
life, less friction, lower heat generation, and minimizing poy 
requirements are the result of balanced seal usage. The 
chanical seal is not handicapped by pressure shock or pulsatis 
Pressures up to 1000 psig can be handled regularly and safe 
Higher pressures can be handled, but here again special design 
construction are required. 
Application. In considering the problem of applying 
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nechanical seal, the prospective user nearly always comes to the 
nanufacturer with the design of his equipment already worked 
jut. Space requirements are held to the very minimum, usually 
yased on some preconceived idea of what ought to do the job. 
After initial tests are run, the seal selected for solution of the 
sroblem falls short of the needs, and a solution must be sought, 
isually hedged with this statement: “Anything used must fit 
nto the already existing space.”’ This is generally limited further 
ind is too small in both axial and radial dimensional require- 
nents for application of the proper mechanical seal. 

Engineers having sealing problems would do well to submit 
he problem in the early design stages in order to avoid redesign 
ind costly changes later. Ina great many instances, considerable 
avings can be realized by embodying construction applicable 
ind already widely used when mechanical seals are employed. 
Mf special interest to mechanical engineers and the progressive 
quipment builder is the application of a combination of talents 
n the early development stages, since a properly sealed unit 
nay be constructed to take advantage of the following: 


1 A more expensive lubricant better-suited to the problem, 
mploying seals to prevent loss of the lubricant. 

2 A lubricant of lower viscosity, since it can be held satis- 
actorily by seals. 

3 Elimination of costly filtering and accompanying equip- 
nent, since seals prevent contamination of oil in the system. 

4 Freedom from fire and personnel hazards when handling 
ither explosive or toxic materials. 

5 Freedom from necessity for frequent adjustment of glands, 
vhich often is placed in the hands of inexperienced personnel. 

6 Full utilization of input power for the equipment intended, 
ince, frequently, packing glands with conventional packing, 
re drawn up so tightly as to consume a large percentage of the 
ower input, and thus make it necessary for manufacturers to use 
arger prime movers than are necessary. 


Applications have been worked out for hundreds of appliances, 
ind layouts are available without cost on the part of the potential 
eal user. However, to obtain the most satisfactory performance, 
he mechanical seal must be selected and applied carefully. 
Nhen so used such seals will give years of satisfactory service 
vithout attention or adjustment. A big factor in favor of using 
nechanical seals is that they eliminate the human element en- 
irely. Once properly installed, no adjustment is required and 
hey can be forgotten. 

In making applications, care should be exercised to insure the 
ump material or lubricant contacting the seal faces. Early 
acking designs employed many ingenious devices to keep the 
abricant or material sealed away from the gland. In applying 
eals, exactly the opposite practice should be employed. Higher 
il levels should and can be maintained, and the equipment 
manufacturer who uses seals intelligently can point out to the 
ustomer the considerable savings which can be realized in main- 
enance and replacement of the lubricant. 

The machine designer must keep in mind that shaft rigidity 
;important, and deflection should be kept to the minimum, since 
arious changes take place in iron and steel parts if load is applied 
nd taken off. If the load were steady, deflection would not pre- 
ent too great a problem, but it is the constant changing with op- 
rating conditions which complicates the matter. Proper align- 
1ent makes for better and longer equipment life. Its importance 
annot be disregarded when applying mechanical seals. 

Double seals are often applied advantageously, especially to 
vercome corrosion problems, or when materials, containing 
ge percentages of solids, are handled (see Fig. 6). Some 
ibricating medium must be circulated between the double seals 
) as to provide proper lubrication for the seal faces, and to carry 
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away such heat as is generated. These installations are widely 
used in paper mills, chemical plants, or when handling highly 
irritating gases. On such installations, the mechanical engineer 
is called upon to select the oil or liquid circulated through the 
seal cavity. 

Single lubricated face seals are applied to jobs where the pres- 
sures are low and the material handled has poor lubricating 
qualities, or contains materials which might be detrimental to 
the highly polished faces (see Fig. 7). The lubricating material 
is introduced through the stationary seat, the seat having a series 
of holes leading from the face to the lubricating-material supply 


A Wk TEED © © 6 O=ELLG 
KK SSS SH SE 


Fie. 6 Typrcan Dousun-SraL Construction. LUBRICATING OR 
Cootine Liquip Is Pumprp THrovexs Sturrine Box at Pressure 
10 To 20 PSI Greater THAan Pump DiscHaRGE PRESSURE 


NSN 


A ES 


pL RS 


Fig. 7 Typrcat LuBRIcaATED SEAT CONSTRUCTION 


labyrinth. Lubrication is applied usually by means of a spring- 
loaded grease cup, using light, specially designed grease; or oil 
which is introduced by a circulating pump or from a gravity 
storage supply, whichever is indicated to be the best, based on 
laboratory and field tests for the particular problem at hand. 


Umuity or MEcHANICAL SEALS 


The mechanical seal already has demonstrated its utility in 
many industries and on a wide variety of equipment. To recite a 
few, the refrigeration industry was perhaps the first to utilize 
the effectiveness of the mechanical seal, and manufacturers of 
large and small compressor units have used them for a con- 
siderable length of time. There is hardly a progressive refrigera- 
tion manufacturer of either large or small units who does not 
today make full use of the mechanical seal. Pump manufac- 
turers everywhere are offering customers the advantage which 
can be obtained by their application on pumps for a large variety 
of services which include the following: 

Domestic units for handling water in small and large well 
installations. 

Paper mills for handling stocks and black liquor. 

General service equipment, where pumps are called upon to 
handle brine, quench oil, soluble oil, and a host of applications 
which will present themselves immediately to the reader under 
this category. 
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Pumps on transcontinental pipe lines, where conventional 
mechanical packing meant tolerating rather excessive leakage 
which resulted in a serious problem of repumping that leakage into 
the pipe lines. 

On pumps in petroleum refineries, where conditions present a 
host of problems, pump manufacturers today are recommending 
seals on every conceivable type of unit in the processing industry. 

Speed-reducer manufacturers have long felt the need of free- 
dom from gland leakage, and most progressive manufacturers 
are now using the mechanical seal. 

Manufacturers of agitators and vacuum-processing equipment 
find the mechanical seal a solution to many of the problems which 
have troubled them previously. 

The use of seals on the coolant pumps on internal-combustion 
engines is an important development. Today, with but one or 
two exceptions, every automobile builder uses seals to the 
comfort of many automobile owners. 

The Diesel-engine manufacturers are making wide and: in- 
creasing use of seals on coolant and oil-transfer pumps, reducing 
“in-shop” time and making for cleaner and more efficient opera- 
tion. Frequently the adoption of mechanical seals results in con- 
siderable construction savings, eliminating parts and expensive 
gland construction. Mechanical seals permit full streamlining 
and enable important space-saving requirements to be made. 


SUMMARY 


Construction is important, and every interested prospective 
user should acquaint himself fully with the desirable factors and 
necessary requirements for his particular job and insist that the 
seal used possess all of the desirable factors that go to make up a 
good seal. 

Application of the proper seal to the job is the answer to 
successful performance. Submit application problems to a 
qualified manufacturer before they are too far advanced in con- 
struction details. Follow closely the layout submitted and 
approved for the particular job under consideration, and thus 
assure a successful seal application. 

Utility is unlimited, and the prospective seal user would do 
well to deal only with a manufacturer competent and capable of 
analyzing the specific problem and willing to work with the 
equipment manufacturer toward a successful solution of the 
problem involved, 


Discussion 


C. L. Porz.? The author refers to the ability of the mechanical 
seal to prevent leakage. It is our opinion that a mechanical seal 
must permit leakage if it is to run as a lubricated surface. If the 
seal is not lubricated, wear will result. It is granted that under 
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TABLE 1 APPLICATIONS OF DRY SEALS 


i Seal Rubbing i 
Application diam, speed, Type of Medium Pressure es 

no, in. Rpm “fpm machine sealed sealed deg F 
1 63/3 4000 6660 Compressor Air 45 psig 260 
2 67/3 4000 7180 Compressor Air 75 psig 375 
3 71/4 4660 8830 Compressor Air { —27 in. Hg to 

+12 psig 
4 63/s 8300 13820 Compressor Air { —27 in. Hg to 

+12 psig TH 
5) 21/2 1800 1180 Autoclave Air 250 psig 300 
6 11/2 1808 706 Centrifuge Volatile 

: an to Nominal 
55/3 3600 5290 Vapor 
¥/ 45/5 1000 1210 pene draw- Steam 400 psig 448 
TO 

8 31/2 19000 17400 Experimental Air 100 psig 80 
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the right conditions wear is low and relatively long seal life can) 
obtained. Seals should last indefinitely if a seal controls 
leakage so that the surfaces are at all times lubricated. 


P. C. Sremn.? Exception must be taken to the inference oy 
dry-running of mechanical seals is not possible. Dry seals hay 
been run and are being run on commercial machines at rubbi 
speeds far in excess of the limits which the author gives for liqu 
seals. The author states: “No combination of materials 
yet been discovered that can tolerate dry rubbing for more tha 
few minutes’ duration.” Certainly, he is aware that motor-aj 
generator brushes have been able to tolerate weeks of continu 4 | 
operation with dry-rubbing contact since well over a half cent | 
ago. This example goes somewhat afield from mechanical seali§ 
devices, but it is one which is commonplace in everybody’s «¥ 
perience. Without question, dry-rubbing contact per se at | 
stantial speeds is possible. f | 

The writer has designed and has been associated with the manj 
facture and testing of well over a hundred dry seals which hag 
given satisfactory service in the field, some at high rubbing spee¢ 
Several typical applications are given in Table 1. 

Leakage measurements were not made on the applications gi 
in Table 1 beyond determining that seal performance was sati# 
factory from an operational standpoint, with the exception |} 
applications Nos. 2 and 3. In application no. 2, for which 
seals were furnished, leakage test results were below 4 cfm free ¢ 
per seal at the operating pressure. Application no. 3, which w4) 
in a compressor for a supersonic wind tunnel, did not have} 
direct leakage test for the seals after installation, but a test in | 
cated that leakage into the enire tunnel, including leakage throu} 
the compressor casing, valve stems, piping flanges, and gaskets i} 
the working-section entry ports under full vacuum, as well |} 
through the two seals, was less than 0.4 cfm of free air. 

In general, leakage of dry seals can be held to almost any re! 
sonable minimum by refinements in manufacture and workma 
ship. In most applications, the additional expense incurred |} 
obtain very low leakage is not justified. In application No.|} 
which is a shop experimental installation, it is consistently pos}! 
ble to have the leakage per seal less than 0.75 cfm of free air at 1 I 
psig internal pressure. This installation has been operated 
speeds of 19,000 rpm with test durations extending over seven} 
days. | 

Experimentally, the writer has operated a 10-in-diameter sé} 
intended for dry operation on a gas-turbine dummy piston 
speeds up to 8800 rpm (rubbing speed of 23,000 fpm). The ted 
were being conducted in an effort to test seal performance |}j 
15,000 rpm (rubbing speed of 39,200 fpm), but bearing and caf 
pling failures terminated the test on every attempt to attain tii} 
desired speed. Seal performance under 60 psig air pressure i 
fore mechanical failure of the testing machine was always good}, 
a Wide Engineer, The Kuchler-Huhn Company, Inc., Shar| 

il, Pa. | 
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The speed limitations given by the author for liquid seals are 
far below what has been attained to date even in commercial 
service. The writer has designed and has been associated with 
the testing of liquid seals for high-pressure compressors which are 
in service with rubbing speeds well in excess of the author’s limita- 
tions. He has also conducted tests of similar seals at rubbing 
speeds of roughly twice the upper limit given by the author. 

In the present state of the art of seal design, it is rash to venture 
an opinion of the possible upper limits of rubbing speed for either 
dry, nonlubricated, or liquid-lubricated mechanical seals. The 
limitations of a given design are determinable, but recognition of 
the mechanism and properties which cause the limitations will 
often extend the regions of operability of a mechanical seal. 


AUTHOR’S CLOSURE 


Mr. Stein overlooks entirely the type of sealing that is being 
discussed in the author’s paper. In the first instance, let us 
consider the rather thinly drawn analogy to motor and generator 
brushes. It has been the consensus of opinion of electrical engi- 
neers that there exists between the brush and the armature an 
air film which serves to prevent excessive friction, wear, and 
heat. The correctness of this air-film theory is rather well borne 
out by the fact that unlimited difficulties were experienced in 
high-altitude flying where the air film was of low degree, which 
resulted in rapid wear, excessive friction, and the generation of 
considerable undesirable heat. 
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The seals discussed in the author’s paper are such that the loss 
of even 0.4 cfm would be unthinkable and intolerable. It can be 
appreciated readily that if leakage amounting to 0.4 cfm existed, 
it would be impossible to live in a room where an ammonia com- 
pressor was in operation. There are many other toxic problems 
where such losses could not be tolerated. 

The seals primarily discussed and considered in the author’s 
paper are those wherein the losses of oil in refrigeration compres- 
sors, for example, must be held well below 10 grams per 1000 hr of 
operation. The author does not deny the possibility of operating 
a seal on an air or gaseous film at relatively high speeds, provided 
losses such as Mr. Stein proposes are not objectionable. 

In order to hold leakages to extremely low limits (which is 
understood to be of such a low order that the gas is not detectable 
by conventional means), the imposition of considerable spring 
loading is required. This, in the opinion of the author, makes 
it impossible to run dry. Innumerable tests of various designs 
and construction with innumerable material combinations have 
proved the impracticability of attempting to operate dry. It is 
the opinion of this author that high speeds with dry running are 
possible only when relatively high leakage can be tolerated. 

If Mr. Stein will take into consideration the difference in 
sealability of the seals discussed in the writer’s paper and those 
brought forth in his discussion, he should agree readily that the 
arguments he advances have little or no bearing on the precision 
type of low-leakage seals covered in the author’s paper. 


Cyclic Heating Test of Main Steam Piping 
Joints Between Ferritic and Austenitic 
Steels—Sewaren Generating Station 


By H. WEISBERG,! NEWARK, N. J. 


A cyclic heating test of several full-size heavy-wall pipe 
joints between austenitic and ferritic steels is described. 
It is concluded that sound welded joints can be made 
between these dissimilar materials and that such joints 
-will withstand the effects of temperature changes which 
may be expected to occur in modern power-plant service. 


plant practice. While various austenitic steels have been 

used for several years in oil-refinery and other high-tem- 
perature industrial-process piping, these applications are at low 
pressures, requiring relatively thin-wall pipe. Also, the ex- 
pected life is comparatively short. Sewaren Generating Sta- 
tion of the Public Service Electric and Gas Company, New 
Jersey, will be the first steam power plant to operate at 1050 F 
initial steam temperature, the steam pressure being 1500 psi. 
Both the General Electric and Westinghouse 100,000-kw tur- 
bines have been furnished with austenitic-steel valves and inlet 
steam piping. The Combustion Engineering Company boilers, 
however, are provided with 3 per cent chrome 1 per cent molyb- 
denum (ferritic) steel piping from the superheaters to the tur- 
bines. This paper describes a test of several full-size joints be- 
tween the austenitic and ferritic steels required for the piping of 
the Sewaren installation. 

The connection between the boiler leads and the turbine stop 
valves is 123/, in. diam and 2 in. thick. The suitability of welds 
between dissimilar materials in this heavy section was the subject 
of considerable discussion and speculation. During the past 
few years a number of replacements of stainless-steel piping 
systems and valves in oil-refinery service have been reported, 
due to cracking. These failures, however, all occurred in cyclic 
processes in which temperatures change rapidly at frequent 
intervals, a much more severe operating condition than may be 
expected in power-plant service. Also, welds between ferritic and 
austenitic steels have been reported to have developed cracks in 
service near the joint. These failures were in connection 
with certain mercury-boiler applications; a number of high- 
carbon-steel welded steam-boiler drums in Germany during the 
last war; and aviation gas-turbine wheels where austenitic 
blade rings were welded to ferritic wheels. It was reasoned that 
because the coefficient of thermal expansion of austenitic steel is 
about 50 per cent greater than that of ferritic steel, exceedingly 
high stresses were set up with changes in temperature which re- 
sulted in cracking at the joints. On the other hand, a number of 
eases in the same applications were reported to be satisfactory 


SS me LESS-steel steam piping and valves are new in power- 
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under equally severe operating conditions. It is entirely pos- 
sible, therefore, that the failures were due to other causes. 

Paralleling the design of the piping systems for the Sewaren 
units, it was decided to conduct a test of several full-size welds 
and subject them to 100 cycles of heating and cooling, simulat- 
ing operating conditions. Single-boiler turbine-generator units 
on the interconnected Public Service System are designed to run 
continuously with scheduled shutdown once a year, and only 
occasional emergency shutdown for repairs. Alternate heating 
to 50 F above the operating temperature and cooling to the 
vicinity of the ambient temperature 100 times should give a good 
indication of conditions at the end of a major portion of the life 
of the unit. The long-time stability of the material at operating 
temperature of course would not be evaluated in the short-time 
test. Also, the effect of stresses due to internal pressure and ex- 
ternal expansion forces present in the actual piping system would 
not be reflected. These stresses, however, were not considered 
sufficient to warrant the expense of inclusion in the test, as they 
are minor compared to the stress which is set up due to dif- 
ferential expansion of the dissimilar materials, and the stress due 
to temperature difference across the pipe wall when cooling 
rapidly. The latter condition may occur as a result of acci- 
dental water carry-over from the boiler. In order to simulate this 
condition, a series of ten quench cycles was included in the pro- 
gram following the ‘normal’ heating and cooling tests. 


DeEscrIPTION OF TEST PIECES 


In the summer of 1946, a co-operative arrangement for mak- 
ing the test was agreed upon among representatives of the Public 
Service Electric and Gas Company, the General Electric Com- 
pany, the Westinghouse Electric Corporation, the Combustion 
Engineering Company, and the M. W. Kellogg Company, A 
length of 12.75-in-diam X 1.625-in-thick 2'/, per cent chrome 
1 per cent molybdenum forged and bored pipe, available from 
the Essex installation, was cut into short spool pieces and welded 
to a series of 18/8 castings, using a number of austenitic filler 
rods of various compositions. The assembly, shown diagram- 
matically in Fig. 1, is hereinafter referred to as the multiweld 


FILLERS 
; 19/3 18/13 3/13 25/20 
BASE 15/35 9 8 2 
METAL, | | | 
18/8 CR MO 18/8 CR MO 18/8 CR MO 


25/20 OVERLAY 


SIX SECTIONS, 12.75" OUTSIDE DIAMETER, 1.625" WALL THICKNESS 
EACH SECTION 5 1/2” LONG 


Fig. 1 ARRANGEMENT OF MuULTIWELD Test PIEcE 
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TABLE1 DETAILED INFORMATION ON MATERIALS IN MULTI- 
Ww 


ELD AND KELCALOY TEST PIECES 
Multiweld Section: 


Mn = 0.41 Ni = 11.03 
p=" Prace Cr = 17.64 
S = 0.011 Cb = 1201 

onsillewDelancresirn aman wena 71000 

Elaatic limit, Deis... ie «uae cue = 36500 

Elongation, per cent............ 24.1 

Reduction of area, per cent...... 38.5 


21/, Cr-1Mo steel rings including backing strips, ASTM 
A-213 Gr T22, modified (Penn Forge) 


C = 0.06 Si = 0.29 
Mn = 0.51 INS Sp ao 

P= 0.015 Cr, = 2524 

S = 0.013 Mo = 1.0 
AVS TG, jos ercnecoanwobomosd TOS 63750 to 69300 
“VE taolas\ o> Git, ogee ceplon uncut oat 29250 to 43650 
Elongation, per cent............ 29.5-35 
Reduction of area, per cent...... 63-69.5 
1eyabodot yt eon die cca tom Gioie Cotte O 163 max 


2 Kelcaloy Section: 


C = 0.151 Si = 0.53 
Mn = 0.11 Ni = 11.86 
P = 0.016 Cr = 19.16 
S = 0.01 Cb = 1.125 
Mandrel, 21/4 Cr-1Mo, forged steel (Penn Forge) 
C = 0.08 Si = 0.29 
Mn = 0.43 Ni" Oe. 
P = 0.020 Cr = 2.19 
8 = 0.013 Mo = 0.98 
MenstloMDalysecetaslats rete evened Seats 71000 
NAGE See ag ante SRO TOOL ae 33000 
Elongation, per cent............ 34.5 
Bane) eer cyeio Aves lei le earam 163 max 


3 Filler Metals: 
Multiweld section—lime-coated 5/32 in. diam (Arcos Corp.) 


Type Analysis 
Chromend 15/35 Cr 14,70-14.79 
Ni 33.55 
Chromend 19/9 Cr 18.98 
Ni 10.18 
Cb 0.97 
Chromend 18/13 Cr 17.387-17.41 
Ni 11.74 
Cb 0.70 
Mo 1.89- 1.91 
Chromend 25/12 Cr 21.92-22.00 
YN 12576 
Cb 0.84 
Chromend 25/20 Cr 24.45 
(and overlay) Ni 20.73 
Ch 1:1 
piece. More detailed information on the materials is given in 
Table 1. All welding was done with a preheat temperature of 


600 F, and the piece was subjected to a postheat of 1550 F for 
3 hr followed by furnace cooling. Fig. 2 shows the welded piece 
before machining. Fig. 3 shows the same piece after machining 
and removal of trepanned coupons which served as a record of 
the condition of the welds before the heating tests. The contrast 
between the austenitic and ferritic steels can be seen clearly in the 
latter illustration. 

At the suggestion of Mr. D. B. Rossheim of the M. W. Kellogg 
Company, an additional joint of an entirely new type was fab- 
ricated, as shown in Fig. 4. The purpose of this arrangement 
is that the major portion of the interface between the dissimilar 
metals is longitudinal to the pipe rather than transverse, and 
therefore subject principally to shear stress only as a result of 
internal pressure or bending forces. If failure occurs at the joint 
between the two metals, it should appear as a lap or lamination 
rather than as a separation straight across the pipe. The joint 
was made by the Kellogg ‘Kelcaloy” process, which is used in 
pressure-vessel construction where low-alloy base metals are 
clad with corrosion-resistant materials. 

Fig. 5 is an external view of the transition piece containing the 
joint, hereafter referred to as the Kelealoy piece. The composi- 
tions of materials used are given in Table 1. A short piece of 
21/, per cent chrome 1 per cent molybdenum pipe was welded to 
the ferritic end of the test piece in order to provide a weld be- 
tween similar materials for control purposes. 
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Fig. 2 Muutiweip Test Preck Berorn MAcHINING 


Fie. 3 Muttiwetp Test Prece ArreR MACHINING AND 
TREPANNING oF TEest Pues | 


CR MO 


CR MO FILLER 


END-I2.75 OUTSIDE DIAMETER 
1.625" WALL THICKNESS 


END-15" OUTSIDE DIAM 
5 1/2" LONG eTer 


1 1/8" WALL THICKNESS 


Fic. 4 ARRANGEMENT or KELCALOY Test Pisce 


a 


Fie. 5 Ke.catoy Test Precrk Arrpr MacuHINInG AND TREPANNING 
or Trst PLues 


HeEatTING-TEstT PROCEDURE 


The heating of the test pieces was carried out at the Essex 
Station of the author’s company, where induction-heating equip- 
ment was available. Initially, it was proposed to heat the test 
pieces directly by winding them with induction coils. It was 
found, however, that it was impossible to heat uniformly owing 
to the widely different magnetic properties of the two steels. The 
final arrangement was a furnace which consisted of a 24-in. 
insulated induction-heated pipe, in which both test pieces were 


Fig. 6 Heatine Furnace SHowinG ControLt EQuiPMENT 


inserted at the same time, end to end, Fig. 6. A total of 24 
thermocouples were installed and temperatures were recorded. 
“Normal” cooling was accomplished by the use of a blower con- 
nected to a perforated pipe inserted inside the test pieces, which 
may be seen in Fig. 7. 

For the quench tests a steam-atomizing oil burner was used to 
introduce a fine water spray in the cooling-air stream, Fig. 8. 
Table 2 shows the heat cycles to which the test pieces were sub- 
jected. Fig. 9 shows a typical normal heating and cooling 
eycle. Fig. 10 shows a similar cycle during the quench tests. 
Figs. 11 and 12 show the temperature differences across the 
pipe wall during the quench tests. It will be noted that the tem- 


‘perature differential across the 1.625-in-thick pipe exceeded 
400 F during the quench tests, whereas during the normal 


cooling tests the maximum differential did not exceed 50 F. 
Temperatures during the quench tests were difficult to control, 


Fic. 7 Enp View or Heating FurNAcE SHOWING SPECIMEN AND 
CooLiInG SLEEVE 


Fie. 8 Heating Furnacr Durine Rapip QueNcH TEST 


TABLE 2 HEATING AND COOLING CYCLE PROCEDURE 


Cycles 
Heating and Goolingii-mic » oe elshe aie elelersi 0-25 26-100 101-110 
Heating period to 1100 F, hr........... 4 Z 2 
Holding period at 1100 F, hr........... 1% 0 0 
Cooling period to 200 F, hr.......... : 2 2 las 
Cooling period to 600 F.............. as rapid 


and therefore varied considerably. The most severe quench 
(upper range) and the least severe quench (lower range) tem- 
perature differentials across the pipe wall are plotted in the 
figures. 


RESULTS OF TESTS 


Coupons were removed for examination before, during, and 
after the tests, and the entire test pieces were subjected to zyglo 
and x-ray examinations in accordance with the schedule shown in 
Table 3. 

Zyglo examination of the multiweld piece after welding and 
before the heating tests indicated surface cracking in the 15/35 
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1200 — TEMPERATURES MEASURED 
BY 12 THERMOCOUPLES 
ON MULTIWELD PIECE & 
pee HIGHEST RECORDED 
TEMPERATURES 
u 800 
w 
[4 
=) 
& 600 
x LOWEST RECORDED 
a ee 
wW 
- 400 
200 


2: 4 
TIME - HOURS 


Fic. 9 Typrcan Heating anp CooLtinc Crciz, CooLtep WITH 
Forcep Air, CycLes NumMBEerRsS 26 To 100 


THERMOCOUPLES 


TREPANNED HOLE_ 


¢ OF PIPE 
+— COOLING AIR— 


QUENCH COOLING | 
UPPER RANGE 


QUENCH COOLING 
LOWER RANGE 


NORMAL COOLING 


TEMPERATURE DIFFERENTIAL-F 


——— 
cS) 2S aISla clea 2ueesOn ass 
ELAPSED TIME FROM START OF COOLING OR QUENCH 
MINUTES 
Fig. 11 Typican TEMPERATURE DIFFERENTIALS OUTSIDE TO INSIDE 
oF Prer-Wa.ti MuttiwEeLp Test Pisce Durine TEsTs 


TABLE 3 TEST EXAMINATION PROCEDURE 


After cycle number............ 0 5 25 100 110 
DST ER Pe SAE A Oe EO RES Yes Yes No Yes No 
WEN DAO MN ater pec hate ten craie inves ty: en terene Yes Yes Yes Yes Yes 
Trepan specimen............... Yes No No Yes No 
Microexamination ............. Yes No No Yes Yes 


MP TV ALCAN LOH TS: vaste; lone eye: creie ttsre oa Yes No No No Yes 


weld metal near the fusion line with the 18/8 base material over 
about 23 in. of the circumference, Fig. 13. This filler rod, not 
commonly used, was chosen because it had expansion char- 
acteristics about midway between the 18/8 and the 21/, chrome 
materials. Cracking was also found in the 19/9 weld metal near 
the 25/20 buttered edge on the 2!/s-chrome base metal. This 
extended over 9 in. of the circumference, as indicated in Fig. 14. 
The other three welds in the multiweld piece were sound, as 
determined by zyglo and x ray, as well as microexamination of 
the trepanned plugs, except for small weld-root cracks at the 
backing rings, which were present in all of the welds in the 
multiweld piece. Fig. 15 is a macrograph of the 19/9 Cb weld 
which is typical. Figs. 16 and 17 show typical microstructures. 
No defects were found in the Kelcaloy piece as fabricated. There 
were a number of ferritic inclusions in the 18/8 deposited metal 
due to improper control of the casting process. 

Examination of the pieces during the tests and subsequent 
to the final quench tests, indicated that no new cracks developed 
as a result of the cyclic heating and cooling, and there was no 
indication that any of the cracks noted prior to the test due to 
unsound welds had increased to any measureable extent. Zyglo 
examination of the end of the Kelcaloy piece after the 100 cycles 
indicated an apparent separation between the two materials 
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TEMPERATURES MEASURED 
BY 12 THERMOCOUPLES 
ON MULTIWELD PIECE 


Ee 


HIGHEST RECORDED 
ita TEMPERATURES 
IN 


1200 


TEMPERATURE - F 


LOWEST RECORDED 
TEMPERATURES 


! vA 
TIME - HOURS 


Fig. 10 Typrcan Heating AND Cooitine CrcLe, QUENCH COOLING 
Cycitres NumsBers 101 To 110 


THERMOCOUPLES 


— OF- PIPE— — 
=— COOLING AIR— 


QUENCH COOLING 
LOWER RANGE 


TEMPERATURE DIFFERENTIAL- F 


10) 3 6 9 12 15 18 2i 24 27 30) 33 
ELAPSED TIME FROM START OF COOLING OR QUENCH 
MINUTES 


Fie. 12 Typrcan TEMPERATURE DIFFERENTIALS OUTSIDE TO INSIDE 
or Ketcautoy Test Prscr Durine TEsts : 


Fie. 13 Zyeuo EXAMINATION OF 15/35 WELD 


at the surface at one end of the test piece. This could not, 
however, be verified by x-ray examination. 

At the conclusion of the cyclic-heating tests, the test pieces 
were sectioned for detailed examination. Table 4 gives the re- 
sults of the cold physical tests of the multiweld piece. Except 
for the 15/35 weld, which failed in the weld, all breaks in the 
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Fig. 14 Zyeio Examination oF 19/9 WELD 


Fig. 15 Macroeraru or 19/9 Fitter-Rop WELD 


tensile specimens were in the 21/;-chrome base material. The 
cracking which had been indicated by the zyglo examination on 
two of the welds was found to be of negligible depth and was not 
detected in microexamination of cross sections of the welds. 
The bend-bar ductility of the specimens judged by ferritic mate- 
rial standards is low. All breaks in the bend bars occurred in the 
18/8 base material or austenitic weld metal. It is expected that 
this matter, along with high-temperature rupture-test results will 
be the subject of further reports by others. It is difficult to make 
austenitic welds in heavy-wall pipe free from cracks. The welds 
tested were the first attempted, and the technique of welding 
had not been developed very far at the time. Thorough micro- 
examination of the test pieces by several. independent labora- 
tories of the companies involved showed no discernible effect on 
the welds or parent metal which could be attributed to the cyclic 
heating and cooling. 

Table 5 gives results of cold physical tests of the Kelcaloy 
piece. The junction between the austenitic and the ferritic 


Fie. 16 Microstructure oF 2!/, Cr-1 Mo Foroine 1x Hear- 
AFFECTED ZonrE ADJACENT TO 25/20, CB OvERLAY WeELp; X100 


Fig. 17 Microstructure or 18/8, Cs Castine at Fusion Zone 
Wits 19/9, Ca WeLtp Merar; X100 


material was found to be entirely sound as judged by these tests. 
Bend tests of coupons removed from the Kelcaloy piece at the 
joint, where an indication of separation had been noted by zyglo 
examination previously mentioned, showed good ductility, and 
photomicrographs indicated that the apparent separation was 
due to intergranular oxidation of negligible depth. The ferritic 
inclusions which were found in the Kelcaloy piece proved to be 
weak points, as indicated by failure in those areas in bend-bar 
tests. The occurrence of these ferritic inclusions has been ex- 
perienced before, and studies have shown that they can be 
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TABLE 4 RESULT 
PIECE AFTER 


TRANSACTIONS OF THE ASME 


S OF PHYSICAL TESTS ON MULTIWELD 
CYCLIC HEATING AND COOLING TESTS 


(A) Transverse Tensile Tests Across Welds: (Reduced section—0.505 in 
diam) 


Filler 
material 


Nore: 


Per cent reduc- Per cent elon- : 
-—tion in area— ——gationin2in— —Ultimate, psi— 
Top Bottom Top Bottom Top Bottom 
of of of of of of 
weld weld weld weld weld weld 

8.9 17.5 5.5 12.5 61900 65100 
73.5 75.1 4.0 12.0 68200 68800 
74.3 74.9 16.0 24.0 67200 67000 
74.3 75.2 19.0 21.5 66200 67100 
75.5 75.9 17.5 23.0 66200 66400 


All failures 


failed in weld. 


(B) Free Bend Tests: 


Filler 
material 


15/35 
19/9 

18/13 
23/13 
25/20 


Norte: 


Per cent 


Face 


25 oe 


in 


—elongation— 


Root 


21/, chrome base material except 15/35 which 


—_—————— Remarks 


Face 


Broke in preliminary 
bend in weld 

Broke in preliminary 
bend in weld 

Broke outside weld in 
18/8 

Broke in weld at begin- 
ning of bend 

Broke at edge of weld 
at start of face bend 


Root 


Broke in preliminary 
bend in weld 

Broke in preliminary 
bend in weld 

Broke in flaw in pre- 
liminary bend 

Broke in preliminary 
bend in 18/8 

Broke in 18/8 base ma- 
terial before bend 
completed 


All failures in 18/8 base material or welds. 


(C) Side Bend Tests: 


Filler material 


Nore: 


Remarks 


Cracked at beginning of bend in weld 
Broke in weld at start of bend 

Broke in weld at start of bend 

Broke at edge of weld at start of bend 
Broke at edge of weld at start of bend 


All failures in welds. 


TABLE5 RESULTS OF PHYSICAL TESTS ON KELCALOY PIECE AFTER CYCLIC HEATING 
AND COOLING TESTS 


(A) Tests Between 18/8 Outer Layer and 21/4 Cr-1 Mo Inner Layer: 
(a) TRANsverse Trensite Tests Across JUNCTION 


( 


Speci- 
men 


Diameter, 


Specimen 
1 


2 


Specimen 


1 
2 


B) 
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eliminated by close regulation of the electrical condition durin 
the intermelting operation. It is expected that additional in- 
formation on the physical tests of this piece also will be presented 
by others. 

For the first three units at Sewaren it was decided to use Kel- 
caloy transition pieces between the ferritic piping and austenitic 
turbine stop valves. A cross section of the final design is shown} 
in Fig. 18. In view of the satisfactory performance of the aus- 
tenitic welds in the multiweld piece, a regulation butt weld. 
using 19/9 Cb filler metal may be used for the fourth unit. 


CR MO JOINT 


18/8 


END-12.75" OUTSIDE DIAMETER END~12.75" OUTSIDE DIAMETER 
2197" WALL THICKNESS 2.0125" WALL THIGKNESS 
LENGTH — 18" 


Fic. 18 ARRANGEMENT OF KeL“caLoy Prece 4s Frnatty DESIGNED 


It is planned to continue the cyclic testing of full-size pipe of 
various materials and types of welds alongside the actual turbine 
installation at full pressure and temperature. 


CoNCLUSION 


One hundred cycles of alternate heating and cooling of several 


Yield Tensile Per cent Per cent 
point, strength, elongation reduction 
psi psi in lin, in area Remarks 
44600 67300 30 70 Ragged cup fracture in Cr-Mo 
44200 66200 17.9 18.9 Straight fracture in 18/8 


(6) Suear Tests TarovuaH JUNCTION 


Shear strength, psi 
59600 
46000 


Remarks 
Sheared 1/2 in 18/8 and 1/2 in Cr-Mo 
Sheared in Cr-Mo 


(c) Sipe Benp Tesrs Across JuNcTION 
(1/s in. X 1/2 in. bars) 


Per cent elongation 


34 
28 


Tests of Control Weld 21/4 Cr-1 Mo to 21/4 Cr-1 Mo: 


(a) TRANSVERSE TeNsILE Tests Across WELD 
(Reduced section—0. 505 in. diam) 


Yield point, psi; 


0.5 per cent elonga- 


Per cent Reduc- 


Per cent elongation Tensile Strength 


“Top "“fottom Top “Bottom Top 7 ‘Bottom Top TF Botton 

Specimen weld weld weld weld weld weld wold of 

2 siféo,, aad, eS Fh ghae es  aeg crane nee 

Nores: All breaks in 21/4 chrome base material, 
da ar (6) Fre» Benp Tusrts 21/, Cr-1 Mo Control Weld 
Specimen Pee ee Face Ee cal Root 

1 , 44.2 ° 31.4 Bont a ends met; two very small Bent to 180 deg; one hole 
2 41.5 386.0 Bent to 195 deg; one small hole in Bent till ends met; one small hole in 


weld 


weld 


(c) Sipe Bunp Txsrs 21/4 Cr-1 Mo Conrrot Wetp 
Both specimens passed satisfactorily. 
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full-size pipe joints between austenitic and ferritic steels through 
the range of temperature expected in normal operation, plus 
10 cycles simulating water-carry-over conditions, produced no ap- 
parent deleterious results. The effect of long-time exposure at 
the operating pressure and temperature of course cannot be 
evaluated in a short-time test. It is believed, however, that the 
results provide considerable assurance that 18/8 piping, and 
particularly welds between 18/8 piping and low-chrome steel 
piping, can satisfactorily withstand the temperature changes 
which may be expected in power-plant service. 
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Discussion 


R. K. Axin.? Having been favored with reports of the pro- 
gress of this investigation, we decided to conduct a parallel set 
of tests on tubing, the class of material with which we are more 
concerned. A report of our observations may be of interest as 
supplementary to the paper. First, however, will the author 
favor us with answers to the following questions: 


1 After the multiweld piece was welded, was it allowed to 
cool from preheat temperature before stress-relieving, or was it 
raised immediately to the higher temperature? 

2 Was the joint, made by the Kelcaloy process, stress- 
relieved in the same manner as the multiweld piece, and if not, 
what was the procedure? 


Our investigation, like that of the author, was made to de- 
termine the effect on welded joints between ferritic and austenitic 
materials of alternate heating to 1100 F and cooling. We de- 
sired further to know whether rapid cooling from operating tem- 
perature would affect the joint differently from slow cooling. 
For the reasons offered by the author, we repeated the slow cool- 
ing cycle 100 times, but we increased the number of rapid cooling 
cycles from 10 to 25 in order to intensify the effects of this type 
of cooling. 

Our tests were made on 2-in-OD X 0.200-in-wall tubing, 
involving flash-welded and fusion-arc-welded joints between 


3 per cent chromium, 1 per cent molybdenum, ASME Spec 
213, T-21 
18 per cent chromium, 8 per cent nickel with titanium, ASME 
Spec SA 213, TP 321 
25 per cent, chromium, 20 per cent nickel, 0.15 per cent maxt- 
mum carbon 


Are welds were made using 3 Cr-1 Mo filler metal between 3 
Cr-1 Mo and 18-8 Ti base metals, and 25-20 filler metal between 
the three combinations of base metals. Appropriate preheating 
and postheating was applied to each type of joint. Hach type 
of joint was made in triplicate, one to be tested without cyclic 
heating and cooling, one to be tested after 25 cycles of heating to 


2 Metallurgist, The Superheater Company, East Chicago, Ind. 
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1100 F, holding 1'/, hr, and water-quenching, and the third to 
be tested after 100 cycles of heating to 1100 F, holding 11/2 hr, 
and furnace-cooling to approximately 150 F. 

The tests applied included the Zyglo test, Rockwell B hardness 
survey, free-bend tests, and microscopic examination. The 
Zyglo test was applied to determine first if there were any cracks 
in the original welds, and again after completion of cyclic heating 
and cooling to determine whether or not cracks had developed. 

Hardness surveys were conducted to determine the efficiency 
of stress-relieving, the hardness characteristics before cyclic 
heating and cooling, and any changes which might have occurred 
because of cyclic heating and cooling. 

Free bend tests were made to determine the ductility at vari- 
ous stages of thermal treatment and were considered the most 
important of the tests used. Tests were made on longitudinal 
sections following the spirit of the requirements of the boiler 
code, measuring the elongation of an original gage length equal 
to twice the tube-wall thickness. 

All fusion welds involving 3 Cr-1 Mo material were preheated 
and maintained at 600 F minimum throughout the time of weld- 
ing and until they were placed in a stress-relieving furnace. A 
preliminary stress relief at 1800 F for 1 hr was given to a group 
of welds before they were subjected to various experimental 
stress-reliving procedures. After a satisfactory procedure was 
adopted, newly welded samples were stress-relieved according 
to that procedure. 

Hardness and bend tests were made on welds subsequently 
stress-relieved experimentally at subcritical temperatures and 
at various temperatures up to 1550 F, which was used by the 
author in his investigation. The data obtained are shown in 
Table 6 herewith. It will be noted that the hardness data are 
not very helpful in determining the properties of a weld. The 
ductility as shown by the free bend tests is more important. The 
welds with 1300 F preliminary stress relief failed by cracking with 
low elongation and canbe considered as proof of the necessity for a 
proper stress relief. 

A temperature of 1350 F, that is, subcritical temperature 
stress relief, produces better than 30 per cent elongation if the 
cooling rate is slow enough. Nonuniformity of furnace tem- 
perature, resulting in some overshooting, may cause some carbide 
solution so that air cooling from 1100 F tends to produce some 
hardening in the ferritic material. 

Temperatures of 1500 F or higher cause excessive carbide 
migration with attendant weakening of the ferritic material 
through decarburization and embrittlement of the austenitic ma- 
terial through increase in carbide content and subsequent carbide 
precipitation. As a result, the bend specimens failed at or near 
the juncture of the two types of materials. 

On the basis of these data we decided to stress-relieve, or 
“anneal” all joints involving this ferritic material by holding for 
2 hr at 1350 F, cooling at a controlled rate, 50 deg F per hr, to 
1200 F, and cooling further in the furnace to 800 F or less. Addi- 
tional sets of joints 6 and 7 were further annealed by heating to 
1550 F for 2 hr, cooling quickly in the furnace to 1250 F, holding 
for 1 hr, furnace-cooling to 1000 F, and then air-cooling. 

Joints involving only austenitic materials were tested either 
as welded, or after annealing, or ‘‘équalizing,” by holding at 
1550 F for 5 hr and air-cooling. » 

The Zyglo test showed no cracks either before or after cyclic 
heating and cooling. ; 

Table 7 shows the results of free bend tests, each set of figures 
representing four tests. The type of weld, materials joined, and 
the stress-relieving or annealing treatment are indicated, Sam- 
ples tested prior to cyclic heating and cooling are designated by 
the letter “A.” Those cooled rapidly from cyclic heating tempera- 
ture are indicated by “R,”’ and those cooled slowly, “normally,” 
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TABLE 6 EXPERIMENTAL STRESS-RELIEF TREATMENTS: ROCKWELL B HARDNESS AND FREE BEND TESTS 
HETISOM: WhOwatata a silencers spose 4A-0 4A-8 4A-1 4A-14 4A-15 4A-2 4A-3 4A-5 4A-6 4A-7 9A-10 
Teeaweciarel ‘deg te AS ie 1300 tee nee See tee, aie rks He 0 es a td 2854 
Nios of hoursn. nea siere hee 1 » 24 
i te, d er aren. 50 50 50 50 400 50 50 50 50 
Rea ea bibs 1100 1200 1200 0. B00. yn tego 7e° 2) pe 1104 
Se Ae ee 0 0 0 ) ) ) 
e514 ae Bahy lets te. iohetet te Air Air Furn Furn Furn Air Air Air Air Furn Air 
Hardness Tests: Be 70 an a" 70 56 63 70 68 67 7 
me LANE OP OURO Ge ee outs aden Fi 86 86 87 89 89 | 
99 95 91 98 99 82 94 111 109 112 101 
=] fallen... cass one i 110 97 91 96 101 101 101 112 110 112 103 
3 Cr-1 Mo filler | 108 98 89 95 100 90 98 111 103 112 102 
aks 73 ae 70 76 78 71 70 74 75 71 
= UtUDS sates wnsiess 77 75 68 71 72 73 75 72 74 79 77 
aie 76 77 73 74 74 71 73 72 74 73 76 
Bend Tests: x, 2 E 
INE for Eas eas eienia es F F NF NF NF NF NF 
Elongation, per cent.... 5.2 53.3 51,2 34.9 31.8 31.5 32.6 2.4 6.0 2.5 24.0 
Remarks Broke 180 deg 180 deg Good Good 180 deg 180 deg Broke 38M Crack 3M 
at flat flat flat flat at shear in shear 
18-8 Ti gas scribe at weld over- at weld 
weld hole mar line lay line 
TABLE 7 PER CENT ELONGATION ON FREE BEND TESTS 
Type of weld Flash welds—- 
Joint no. -—1 Stress relieved—. —2 Stress relieved—\ —3 As welded— --3 Annealed— 
Materials —3 Cr-1 Mo—18-8 Ti— —3 Cr-1 Mo—25-20— 18-8 -Ti—25-20. 
Treatment A R N A R N A R N A R N 
Maximum...... 40 26 30 44 52 40 42 42 40 44 46 46 
Minimum.. 18 14 20 40 44 20 22 16 14 32 37 22 
Average........ 31 20 26 42 47 34 28 26 26 37 42 38 
Type of weld Are welds 
Joint no. 7—4 Stress relieved— —5 As welded— 7—5 Annealed—~ 
Materials 7—3 Cr-1 Mo—18-8 Tit#— — 18-8 Ti—25-206 
Treatment A R N A R N A R N 
Maximum.,.... 42 40 22 49 46 38 39 47 43 
Minimum...... 30 30 12 41 43 34 33 33 40 
Average....... 37 35 15 45 45 36 36 41 41 
Type of weld Are welds 
Joint no, -—6 Stress relieved —6 Annealed——\X -—7 Stress relieved— —-7 Annealed— 
Materials — —3 Cr-1 Mo—18-8 Tib ———3 Cr-1 Mo—25-206- 
Treatment A R N A R N A R N A R N 
Maximum...... 29 32 32 33 32 28 33 36 49 34 32 30 
Minimum...... 27 23 21 27 25 24 31 32 39 27 22 22 
Average ....... 28 Pa 25 29 27 26 32 34 43 30 28 28 
@3Cr1 Mo filler metal. 
b 25-20 filler metal. 
by “N.”’? Hardness tests are not included because there were no 1 Mo-25-20 joint is superior to a 1550 F annealing treatment, 
changes observable due to the heating and cooling cycles. Joints because of the greater ductility retained after cyclic heating and 
6 and 7 showed a difference in hardness of ferritic. material as a _ cooling. 
result of prior thermal treatment. The stress-relieved samples 6 Cyclic heating and cooling does not appear to detract from 


had a hardness from 83 to 89 next to the deposited metal, and the 
annealed samples had a hardness from 72 to 75 at the same loca- 
tion. The austenitic material showed no difference in hard- 
ness. ; 

A study of the data in Table 7 reveals the following: 


1 Flash welds between 3 Cr-1 Mo and 18-8 Ti, stress-relieved 
at 1350 F, show comparatively low ductility especially after 
rapid cooling cycles. 

2 Flash welds between 3 Cr-1 Mo and 25-20, stress-relieved 
at 1350 F, have good ductility, but show some loss after 100 cycles 
of slow cooling. 

3 Austenitic filler metal of 25-20 composition produces a 
joint between 3 Cr-1 Mo and 18-8 Ti that retains more ductility, 
especially after the slow cooling cycles, than 3 Cr-1 Mo filler 
metal. 

4 Joints between 25-20 chrome-nickel alloy and 3 chrome 1 
moly are superior to those between 18-8 Ti and this ferritic 
alloy. 

5 A stress-relieving temperature of 1350 F applied to a 3 Cr- 


ductility of stress-relieved joints between 3 chrome 1 moly and 
25-20 chrome-nickel. 

7 With respect to ductility of a joint between the two kinds of 
austenitic materials, neither the ‘“as-welded”’ joint nor the an- 
nealed joint shows superiority over the other, and joints in either 
condition retain good ductility after cyclic heating and cool- 
ing. 

8 The rate of cooling does not appear to influence the ductility 
of the joint so much as the number of cycles. This may be an 
indication of the effect of time at operating temperature which 
these short-time tests cannot evaluate. 


Based on the results of these tests, it would appear that joints 
between 3 per cent chrome 1 per cent molybdenum and 18-8 Ti 
materials would be improved if an intermediate section of 25-20 
material were inserted. This type of construction has a threefold 
advantage: (1) The joint between ferritic material and 25-20 
using 25-20 filler metal can be stress-relieved at 1350 F, holding 
carbide migration to a minimum, and then cooled appropriately 
to produce a ductile joint which remains ductile after several 
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eycles of heating to 1100 F and cooling. (2) The joint between 
25-20 and 18-8 Ti, using 25-20 electrode, is easily stress-relieved by 
heating and holding at about 1550 F and then air-cooling, or it 
ean be left as welded, either of which is satisfactory. The first 
type, requiring more precise stress-relieving temperature control, 
ean be made in the shop; the second type between two austenitic 
materials does not require too precise control of preheat or post- 
heat so can be handled easily in the field. (3) The insertion of 
25-20, having an intermediate coefficient of expansion between 
the other two alloys, supplies a structure less susceptible to the 
effects of differential expansion. 


H. 8. BLumsere? ano W. B. Bunn.‘ This paper is timely 
in view of the relatively recent and growing interest in the 
use of the austenitic stainless steels as steam power-plant 
piping materials. The subject is a challenging one, and focuses 
on the need for considerably more knowledge regarding the 
behavior of ferritic and high-chromium high-nickel austenitic 
Steels in elevated-temperature service. Of value in the reported 
study is the fact that the specimens tested actually represent 
the dimensions and design of piping which is to be used in 
service. 

The author mentions that, in addition to the multiweld butt- 
welded structure which he describes in detail, a specimen of 
Kelcaloy was fabricated so that a comparison could be made be- 
tween the two types of construction. A description of the manu- 
facture of the Kelcaloy transition piece was not included in the 
paper, and therefore it will be given here. 

Kelealoy is the commercial name for the material made by 
the Kelealoy process, which provides an automatic means for 
melting and solidifying metals progressively, so that relatively 
large objects can be produced. Essentially, the process is carried 
out in the Kelcaloy machine in which commercial raw materials 
in purified form are melted in a novel manner in special molds at 
a controlled rate through an electric are under a highly protective 
flux. The liquid metal is progressively and rapidly solidified to 
produce metals of high uniformity and particular characteristics. 
Several thousand ingots of a wide variety of compositions have 
been made by this process during the past decade. 

The Kelcaloy machine operates entirely automatically; it is at 
present approximately 40 ft in height. Raw materials enter at 
the top and move downward. These raw materials consist of 
ferro or other alloys and pure metals, flat metal strip, and slag. 
The alloying elements are commonly available in controlled- 
particle size; the strip is selected from commercial sources, and 
the slag is of special composition, In operation, the entering flat 
strip in coil form is moved downward at a controlled rate through 
rolls to form a tubular cross section; simultaneously, alloys are 
metered accurately through the moving tube by unique mechani- 
cal means; the tube continues to move uniformly downward and 
the alloys fall through it, so that an exact quantity of raw ma- 
terials (strip and alloys) reaches the electric arc at the end of tube 
in a given time, thus making available at the arc within the mold 
a known quantity of liquid metal of controlled composition. 
The arc operates under a protecting blanket of molten flux. In 
the process there is continually present during melting a liquid 
level head. Thus there is neither pipe nor voids in the cast ingot, 
and a minimum of segregation. The ingot stress-relieves itself 
during the process so that even extremely air-hardening steels 
including high-speed steels can be made without cracking; sub- 
sequent heat-treatment is of course carried out if necessary. 


3 Chief Metallurgist, The M. W. Kellogg Company, Jersey City, 


ae 
4 Welding Engineer, The M. W. Kellogg Company, Jersey City, 
N. J. 
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The range of analyses which can be made by this process depends 
on the availability of raw materials in proper form. 

The process will make objects of uniform composition in a 
single melt, or it may be utilized to produce integral objects of 
dissimilar metals. Thus, in making clad-steel plates, slabs or 
ingots of base metal are set up so that one face of the latter forms 
one of the four sides of a rectangular mold. The molten material 
is manufactured in the mold space, and provision is made for 
intermelting simultaneously about 1 in. into the slab or ingot 
face. Because speeds of diffusion of metallic elements are ex- 
tremely high at temperatures reached by the molten metal, the 
clad layer is uniform in composition across its entire thickness. 
An integrally clad object is thus available to the steel mill which 
ean be rolled or otherwise hot-worked in conventional manner 
to produce clad plates, sheet and strip, or it may be used in the 
“as-clad” condition. 

The Kelcaloy transition piece is a clad material. In its manu- 
facture, an annealed 121/s:-in-diam forging, 30 in. long, of low- 
carbon 2!/, per cent Cr-1 per cent Mo composition, furnished to 
ASTM Spec A-213, Grade T22, served as the base metal. This 
forging was centered in a round water-cooled copper mold, so 
that a space of approximately 2 in. was present between the outer 
surface of the forging and the inner face of the mold; 18-8 Cb 
austenitic steel was manufactured and intermelted with the face 
of the 2'/, per cent Cr-1 per cent Mo forging. The strip used as 
one of the raw materials for melting was of plain-carbon-steel 
composition, and alloys consisted of low-carbon ferrochromium, 
ferromanganese, ferrosilicon, ferrocolumbium, and nickel. The 
clad piece was annealed by heating to 1550 F, holding for 4 hr, 
followed by furnace-cooling. It was then machined to the dimen- 
sions shown on the Kelcaloy portion of Fig. 4 of the paper. It 
will be noted that a 21/, per cent Cr-1 per cent Mo spool piece was 
welded to the 2!/s per cent Cr-1 per cent Mo end of the transition 
piece with electrodes of similar analysis. 

The author reports the presence of ‘ferritic inclusions” in the 
Kelealoy section when it was cut up for testing. These small 
crescent-shaped inclusions consisted of low-carbon steel, and were 
the result of electrical difficulties encountered during Kelcaloy 
manufacture of the transition piece. Electric meters in the 
Kelealoy machine are used to give a clear indication as to arc 
stability and uniform melting. In the Kelcaloy manufacture of 
the transition piece, it was known that these inclusions were 
being formed during a short part of the melting cycle. Ordi- 
narily, such a Kelcaloy piece is not accepted by our inspection de- 
partment. However, when an attempt was made to obtain 
another 21/, per cent Cr-1 per cent Mo core section, it was learned 
that there would be considerable delay. In a review of the situa- 
tion, it was decided that these inclusions, because of their small 
size and number, would probably not affect the behavior of the 
Kelcaloy section in the cycling tests. 

Subsequent to the manufacture of the transition piece used in 
the presently discussed tests, four more were made for actual use 
at Sewaren. No difficulties were encountered in Kelcaloy inter- 
melting. Careful observations were made during machining of 
the alloy surfaces, and this was compared with the results of 
xray, Zyglo, and magnaflux testing. Nod effects of any kind 
were observed in any of the four sections. 

Tt has also been requested that the results given in Table 5 of 
the paper which were made in our laboratory, be discussed in 
somewhat more detail. 


(A) lists data obtained on sections removed from the Kelcaloy 
piece, after cyclic heating; the physical test results represent 
values for the junction and vicinity of the 21/, per cent-Cr Mo 


and 18-8 Cb integral transition piece. 
(A) (a) This gives values obtained after testing 0.375-in- 
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diam tension specimens with the Kelcaloy junction at the center 
of the test bars; one half of the length of the specimen consisted 
wholly of the ferritic 21/4 per cent Cr-Mo material, the other half 
of the bar of manufactured austenitic 18-8 Cbsteel. A 1-in-gage 


length, 1/2 in. on each side of the junction, was marked on each — 


test specimen. Two tests were made, one fracturing in the 21/, 
per cent Cr-Mo portion near the junction, with good elongation 
and reduction of area. The other specimen broke in the austen- 
itic portion, with lower elongation and reduction of area. There 
was little difference in tensile strength and yield points between 
the two bars. 

(A) (b) This shows the results of shear tests. These speci- 
mens were prepared in accordance with Fig. 1, ASTM A264-44T, 
in which a small rectangular button of manufactured austenitic 
steel of fixed dimensions is present above the base metal, so that 
shearing force can be applied in testing by utilizing a jig and a 
conventional tensile testing machine. Since load and area in 
shear are known, calculation can be made in terms of shear 
strength. Values of 59,600 and 46,000 psi were obtained in two 
tests. These values are approximately equal to those for unitary 
materials, that is, if specimens were tested wholly of either 21/, 
per cent Cr-Mo or 18-8 Cb material. It is interesting to note 
that the shear-test requirement of the ASTM specification for 
clad steels is a minimum of 20,000 psi. 

(A) (c) This gives values of side bend tests in which the 
cross section of the wall of the Kelcaloy transition piece was made 
the outer fiber of the side bend test. Again, one half of the bar 
consisted wholly of 21/4 per cent Cr-1 per cent Mo steel, the other 
half of 18-8 Cb. The junction of the two dissimilar metals was 
made the center of the outer fiber of each specimen. No failures 
were observed when the two specimens were bent to 34 per cent 
and 28 per cent respectively, at 180 deg. 

Test values reported in (B) refer to specimens cut from the 
welded ferritic end of the transition piece after cyclic testing. 
Each of the tested bars contained a 2!/, per cent Cr-Mo weld 
in the center which joined the 2!/, per cent Cr-Mo transition 
piece end to a length of 21/, per cent Cr-Mo tubing as described 
in the paper. Transverse tension bars containing the weld in 
the center and base metals at each side gave good strength and 
ductility. The elongation values reported are not particularly 
significant, in view of localized nonuniform yielding due to the 
presence of weld, heat-affected zone, and unaffected base metals, 
all within a single gage length. Free-bend and side-bend test 
values reported in (B) (6) and (B) (c) were entirely satisfactory. 
All tests values reported in (A) and (B) are indicative of ex- 
cellent bond quality in the transition piece and of 21/, per cent 
Cr-Mo weld characteristics. : 

Table 4 of the paper reports results of physical tests on the 
five welds of the multiweld piece after cyclic testing. Ultimate 
strength values are satisfactory, but a relatively low order of 
ductility is indicated in these welds, as judged by face, root, and 
side-bend tests. The transverse-tension elongation values re- 
ported in (A) are difficult to interpret, when it is considered that 
deposited weld metal, two heat-affected zones, and two unaffected 
base-metal regions in dissimilar metals were all contained within 
the single 2-in-gage length of each 0.505 bar. Obviously, there 
was considerable opportunity for highly localized deformation so 
that the reported elongation figures cannot be evaluated reasona- 
bly. It is to be noted that except for the 15 Cr-35 Ni specimens 
which failed in the weld, all test pieces broke in the 21/4 per cent 
Cr-1 per cent Mo base-metal portions. The high reduction of 
area is indicative of the excellent ductility of the 21/; per cent 
Cr-Mo material. 

A résumé of the reported face, root, and free-bend failures is 
given in Table 8 herewith. The outstanding facts in Table 8 are 
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the preponderance of failures in the weld and the extremely | 
ductilities obtained. 
TABLE 8 SUMMARY OF FACE, ROOT, AND FREE BEND TES? 


REPORTED BY THE AUTHOR FOR MULTIWELD PIECE WELL 
AFTER CYCLIC TESTING 


-—Face bend test —Root bend test— —Side bend test# 


Elon- Elon- Elon- 
gation, gation, y gation, 

Joint percent Brokein per cent Brokein percent Broke 
15-35.0.6.008 0 Weld 0 Weld 0 Weld 
19-9 Cb.... 0 Weld 0 Weld 0 Weld 
18-13-2 Cb. 25 Type 347 0 Weld 0 Weld 
23-13 Cb... 0 e 0 Weld 0 Weld ed 
25-20 Cb... 9 Weld edge 2 Type 347 0 Weld ed 


In order to obtain some indication of the relative ductilities ¢ 
the various zones in each of the five welds, our laboratory, aT 
discussions with the author and his associates, prepared a numbé 
of miniature bend-test specimens from each weld and center 
each in testing so that maximum bending would be located i 
the weld, the heat-affected zones in each base metal, and in th 
unaffected base metals of each of the five welds. Because ¢ 
the limited material available, small specimens had to be usec 
Results are given in Table 9 of this discussion. The salien 
points developed by these results are as follows: 

(a) Relatively low ductility of all welds. 
(b) Relatively low ductility of all austenitic junctions, wit: 

sharp failures at the junction lines. 
(c) Good ductility of all ferritic junctions. 
(d) Low ductility of austenitic base metal. 
(e) High ductility of ferritic base metal. me i 


From this it appears that low-ductility regions are confined tq 
each of the five welds and the austenitic junctions. 
An attempt was made to correlate these results in terms of: 


Base-metal chemistries. 

Weld-metal chemistries. 

Welding history. 

Heat-treatment. 

Cyclic test conditions. 

Microstructures of base metals and welds. 

Results reported by previous investigators in this field. 
Heavy-wall welds made and tested in our laboratories. 


The 18-8 Cb and 2!/, per cent Cr-Mo base metals have satis4 
factory chemical compositions; these are consistent with th 
requirements of ASTM specifications. Microstructure of the 
austenitic material was coarse grained, typical of cast material, 
with eutecticlike aggregate at grain boundaries. The 21/, per 
cent Cr-Mo base metal was well spheroidized. 

Weld-metal chemistries appear to be typical of those to be ex-: 
pected in each particular weld. In view of recent researches re~ 
ported, it appears that carbon contents of all welds are in that, 
range, reported by Thomas and co-workers, which give low) 
ductilities. However, the actual elongation values reported in the. 
full-sized specimens are so low that they do not appear to be re-, 
lated to chemical analyses. 

No factor was indicated in the welding history which might 
account for the bend-test results. Some welding engineers feel 
that low preheat or perhaps complete absence of preheat with 
controlled low interpass temperature is desirable. There is, 
however, as yet no unanimity of opinion on this point. : 

Microscopic studies were made of full cross sections of each 
weld. In general, the welds were reasonably free of nonmetallics : 
however, the 23-13 Cb and 25-20 Cb welds were noted to contain. 
some slag stringers of the type described by Carpenter. All 
welds were expectedly coarse grained, but no microcracks were 
observed. It was not possible in our studies to relate the low 
ductility values to microstructure. 
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TABLE 9 ELONGATION VALUES OBTAINED IN TESTING M 
INDICATED BEFORE 


—-Before cyclic 
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INIATURE BEND SPECIMENS FORCED TO BEND AT LOCATIONS 
AND AFTER CYCLIC TESTING - ee 


After cyclic heating 


heating — Junction Base Metal 
s Weld _ Weld Austenitic— , — Ferritic -——Austenitic—. ——-Ferritic-———\ 
; ong, : Elong, Elong, Elong, Elo Elo 
2 Joint percent Brokein percent Brokein percent Broke in percent Brokein per epne Broke in per een Broke in 
BEERS aieie ser cio\ovci tise oe oe ane 22 Weld 12 Weld 20 Junct. 30 No cracks@ 4 os 36 
8 38 
19-9 Cb (Buttered) 6... . 10 Weld 14 Weld 4 Junct. 32 Ni < 
18-13-2 Cb (Buttered) b. 5 Weld 2 Weld 10 dace 24 No oe ; Be Bi: 
ECS Oo eee eee Weld 2 Weld 10 Junct. 40 Junct. & 
~ Id 
BETZ! COD «vision cere aie. 10 Weld 4 Weld 10 Junct. 36 Taretion 


2 Except for slight root bend crack. 


6 Buttered with 25-20 Cb weld metal on 21/4 per cent Cr-1 per cent Mo base-metal groove edge. 


In a consideration of heat-treatment as a possible factor, it was 
realized that there are data to show that “stabilization” treat- 
ments, consisting of holding at 1550 F and 1650 F and air or 

_furnace-cooling, causes some lowering of ductility. However, the 
low values obtained are not typical of the effect of such heat- 
‘treatments. 

The miniature bend-test results on weld metal representing no 
cyclic treatment are of the same general order as after cyclic 
exposure. This would tend to indicate that the heating and 
cooling procedures were not a primary factor. 

Table 10 herewith lists a comparison of the 15/s-in-thick 19-9 
Cb weld (between dissimilar metals) reported by the author, and 
five 3/,-in-thick welds made in our welding laboratory joining 
Type 347 base metals. The latter joints were restrained during 
welding by heavy fillets at the plate edges. The considerably 
higher elongation values than obtained in the 19-9 Cb weld re- 
ported in the paper are apparent. 

Our studies thus far have disclosed no clear cause for the low 
elongation values reported. 

It is possible that the poor results obtained are traceable to the 
heavy thickness welded, with which there is relatively little ex- 
perience to date. The need for further experimental studies in 
heavy-walled tubes is clearly indicated. 

The encouraging feature of the data presented by the author 
lies in the fact that no failure was encountered as a result of the 
cyclic heating and cooling. 

This paper will undoubtedly serve as a strong stimulation to 
many investigators to carry out further studies to fill in gaps in 
the present knowledge. 


TABLE 10 COMPARISON OF CHEMICAL ANALYSES, CR-NI 

EQUIVALENTS, AND FREE-BEND-TEST ELONGATIONS OF 19-9 

Cb WELD REPORTED BY THE AUTHOR, AND FIVE WELDS 
MADE AT THE M. W. KELLOGG COMPANY 


19-9 Cb 
weld 
reported — 


—Welds made and tested by— 


Element by author No. 1 No. 2 No. 3 No. 4 No. 5 
C 0.062 0.081 0.074 0.080 0.060 0.077 
ty ( Mn 1308) 167s 3145" 46" 1.67 1.46 
a2 Si 0.68 0.60 0.42, 0.60 0.42 0.41 
a5 Cr 168 10.5 19,5. 19/7. 10.1 21.0 
ea Ni AORTZS UM MIOLGY 1056 a) L085 9.8 10.0 
Be Ob 0,845. 10183 9940586 0.91 0.89 0.70 
{ a ea. Les 0,64 1.64 1.70- 1.76 1.80 
i Eq. 
Weld thicknesses, 
a p~ eo 15/s 3/4 3/4 3/4 3/4 3/4 
Free bend({ As oe 
ae gta Siam 42 Aine MA, 3788 
long, in 1600 F 
ee : 04 ORIG) 292 9 B6n0) 87.2 38.5 
36.5 
@ 1550 F, 4 hr. i. eV, : 
Note: (1) Weld reported by author joined dissimilar metals. M.W SG 


Co. welds joined wrought Type 347 materials. 
(2) All4/«-in-thick welds made under restraint. 


P. M. Brister.® The tests reported give a good answer to one 


*’ Staff Engineer, The Babcock & Wilcox Company, New York, 
N.Y. Mem. ASME. : 


of the questions in making this type of weld, namely, that of 
differential expansion under cyclic temperature conditions. The 
tests have aided many of us in our studies of this problem since 
knowledge of the results has prevented duplication of test work 
and has permitted greater study of some of the other problems 
connected with welding ferritic materials to austenitic materials. 

We have been doing a considerable amount of test work on this 
subject in our Works Control Laboratory in Barberton under Mr. 
Carpenter, and much of the information we have obtained is 
difficult to evaluate. It is apparent from our studies and tests 
that time is a very important factor, as well as stress and tem- 
perature, and we are sure much will be learned from the test 
specimen to be installed at Sewaren. 

Our discussion of this paper is based on our development work 
and experience. 

One of our tests is a rotating-beam fatigue test, with the test 
specimen being a heavy wall, 2!/.-in-OD superheater tube. In 
testing welds between austenitic and ferritic tubes, we have found 
considerable difference between the results when tested with no 
internal pressure on the tube specimen, and with 2000 psi internal 
pressure. We at first thought that the pressure stress would be 
relatively small in comparison with the stresses from welding and 
differential expansion and would not affect the results appreciably. 
However, test specimens having internal pressure showed a con- 
siderably shorter fatigue life and indicated that the stress imposed 
by the internal pressure had an effect out of proportion to the 
value of the stress. Apparently, at a temperature level of 1050 F 
to 1100 F, the creep effect on the behavior of the materials is not 
apparent in evaluation of the stresses with the elastic theory. 
We believe there is much more to be learned on the behavior of 
metals under load in the creep range, and that laboratory work 
simulating service conditions should consider all loads from 
whatever source. ; 

Our experience indicates that welding austenitic materials 
with preheat temperature as high as 600 F is not good practice. 
Some of the results to be expected were presented in a paper by 
O. R. Carpenter. This paper indicated that austenitic materials 
should be welded with a low preheat and with low interpass tem- 
peratures in order to avoid the inclusion of intergranular slag 
envelopes in the weld metal with a consequent loss of ductility. 

When a postweld heat-treatment of 1550 F is given a weldment 
having ferritic base metal and an austenitic weld metal, such as 
reported in this paper, considerable carbon migration from the 
ferritic steel to the austenitic weld metal results. This is apparent 
in Fig. 16 of the paper. There is also carbon enrichment at the 
line of fusion resulting from the migration. Evaluation of the 
effects of the weak zone of carbon depletion and possible em- 
brittlement at the line of fusion under the operating conditions 
of such a weldment are very difficult. Our tests with the fatigue 
machine showed that the decarburized zone is the weakest part 


6 “Some Factors Controlling the Ductility of 25 per cent Cr-2040 
Ni Weld Deposits,’ by O. R. Carpenter, American Welding So- 
ciety, October, 1947. 
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of the joint and that failures started at slight notches. However, 
we have examined a weld made with an austentitic rod between 
two pieces of cast 5 per cent chromium pipe which had 11,000 hr 
service at 1000 F, and 375 psi, and had the temperature cycled to 
room temperature seventeen times during this period. This 5 
per cent chromium pipe had received a 2-hr 1575 F postweld heat- 
treatment, followed by air-cooling and drawing at 1250 F, and 
there was found to be appreciable carbon depletion in it. There 
were also numerous slag pockets and voids which could have 
acted as internal stress raisers. However, the weld did not fail in 
service, though bend tests on the weld indicated the defective 
condition of the weld. 

While we do not believe the carbon migration in this type of 
-weld with the type of service expected will result in an immediate 
failure or dangerous condition, we believe that, since it is the 
weakest part of the weld, it should receive considerably more 
study and should be watched carefully in service. It is possible 
that the effect of carbon migration in a joint, as shown in Fig. 18 
of the paper, will be different from a more or less standard V-type 
weld groove. 

We agree with the author that it is difficult to make welds in 
heavy-wall pipe free from cracks. It is necessary to employ 
careful techniques and to control the weld-metal analysis within 
proper limits. Lack of proper techniques and weld-metal analysis 
control can produce defects which are microscopic in nature and 
difficult to recognize. Our experience indicates that it is these 
defects which tend to produce notches that can eventually lead to 
failure. 

In summary, we believe this paper has contributed much to the 
industry. We all recognize that the power industry is on the 
threshold of a new era of high steam temperatures, necessitating 
the use of materials not heretofore used extensively in this in- 
dustry. We all have much to learn and it is through papers such 
as this that we can all benefit by interchange of information. 


J. D. Conran.” The tests described in this paper indeed give 
assurance to the designer that joints between austenitic and 
ferritic materials may be expected to stand up in service. How- 
ever, such tests are necessarily limited in scope, in this case only 
one size and wall thickness of pipe being used. Therefore some 
analysis of the stresses in the test piece, and the manner in which 
these stresses vary with the proportions of the piece seems 
desirable. 

The problem lends itself to at least an approximate analysis 
without undue complications. Let us consider a pipe joint which 
is located a sufficient distance from rigid parts or other joints as 
to be unaffected by them. Assuming the thickness of the pipe is 
relatively small compared to its diameter, a rather simple ap- 
proach may be made by applying the well-known theory of the 
bending of a beam on an elastic foundation. The formulas de- 
rived by the application of this theory will be given. The follow- 
ing nomenclature applies to this discussion: 


T, = temperature at which joint is fully stress-relieved 
7, = temperature at which stress is computed 

a, = coefficient of espansion of austenitic steel 

a2 = coefficient of expansion of ferritic steel 

7 = mean radius of pipe 

h = thickness of pipe 

A = difference in radial expansion or contraction of the two 

materials 

distance along axis from junction to point of stress 


ae 1.285 
Vv rh 
7 Manager, Mechanical Design Section Steam Div., Westinghouse 
Electric Corporation, Lester, Pa. Jun. ASME. 


x 


TRANSACTIONS OF THE ASME 


Eh’ 

12(1 — p?) 

o, = bending stress 

o, = tangential stress 

7 = average shearing stress 

A = (T; — T2) (a1 — a) T 
M,, = Ag? De-* sin Bx 
Max (for Bx = 1/4) = 0.322 AB?D 


De = 2.67 X 10% hs 


Moyax 
n= a = 8.5  10°(7; — T2) (a1 — a) 
P,, = AB* De-®* (cos Bx — sin Bz) 
Pres (for Bx = 0) = AB*D 


ot IES 


re = 5.6 X 10° (7: — T2) (a1 — a2) Vh/r 


EA 
o. = or e—5* cos Bau 


oO, max (for Bx = (0) = = 145 108 (Ti — T:) (a1 _ oy) 


Qr 


It will be noted that the proportions of the pipe do not affect | | 
the maximum bending and maximum tangential stress, i.e., these | 
stresses are independent of both wall thickness and pipe radius. |} 


The shear stress at the joint varies with ~/h/r. 


However, the wall thickness and pipe radius have an appre- | H 
ciable influence on the extent to which all the stresses are carried |} 


along the axis of the pipe. 


Fig. 19 of this discussion shows the stress variations “plotted as |} 


a function of the quantity 6x. As 8 varies with the proportions of 


the pipe, then the extent to which these stresses are carried along | 


the axis of the pipe depends upon the relative wall thickness and 
pipe radius. 


might serve to raise these stresses. 

The use of these curves also indicates that the 51/,-in. leheell| 
of the sections in the multiweld test piece is such that a cross- 
effect of one junction on the other takes place. 
pipe @ is 0.43 and for an x value of 51/2, Bx is 0.757. 


the adjacent ones. 
Using the same general theory as was used in the derivations of 


the foregoing formulas and curves, an analysis of the actual |} 


TANGENTIAL 


PERCENT OF MAXIMUM STRESS 


Ax—0 41 ral 


Fie.19 Srress Variations ALonG AXIS oF PIPE 


Computing 8 and using these curves, the designer ||) 
can determine readily a safe distance to keep such junctions from |}} 
flanges, valve bodies, unremovable weld rings, or anything which |} 


For this test |] 
Thus it is |} 
seen from the curves that each junction is within the influence of |) 
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stresses in the multiweld test piece was found feasible. The 
results are shown in Fig. 20 herewith. 

These curves give the stress condition at room temperature and 
are calculated on the basis of no stress at 1550 F. It is assumed 
that the value of Z at room temperature is 29 X 108 for both 
materials. The value of (a; — az) is taken as 2.25 X 10-8. 


STRESS x 1000 PSI. 


=SHEAR,. -—-+ 
[— BENDING 
TANGENTIAL 


Fie. 20 Stresses In MuttrweLp Trst Pince at Room Temprera- 
TURE AFTER BEING FULLY STRESS-RELIEVED AT 1550 F 


It is interesting to compare the maximum stresses in the test 
piece with the value computed for junctions sufficiently separated 
from each other as to avoid cross-effects. Bending stress is re- 
duced from 51,000 to 29,000 psi, and shear stress from 13,000 to 
10,000 psi. The tangential stress is unaffected. 

The stresses so far discussed are, in effect, set up stresses at 
room temperature and, as such, are probably only of secondary 
importance. The change of stress through the cycling range is 
the chief criterion for failure. For the range of 200 F to 1100 F, 
we get a variation of 69 per cent of these stresses. The stresses 
at 1100 F are 20 per cent and at 200 F are 89 per cent, respectively, 
of the values on these curves. Therefore the cycling is between 
these two sets of stresses. The fact that the highest stresses are 
at room temperature is indeed a favorable condition. 

There is a third stress component not so far considered. At the 
transition between the two materials there is a local radial com- 
pression on one side and an equal radial tension on the other. 
This stress has the same sign and numerical va‘ue as the tan- 
gential stress at the same location. In other words, we have 
equal biaxial tension and compression on either side of the ma- 
terial transition point. The third component of principal stress 
is zero at this point. Combined stress may be evaluated accord- 
ingly. 

A stress analysis of the Kelcaloy joint has also been made. 
This work is more involved and its presentation is not within the 
scope of this discussion. In general, the theoretical stresses in 
this Kelealoy piece are somewhat higher than in the junctions 
just described. This is particularly true when stress concentra- 
tion, due to change in wall thickness within the piece, is con- 
sidered. Other advantages as pointed out by the author, may, 
however, outweigh this disadvantage of higher theoretical stress. 


Ernest L. Rosrnson.® To the writer there seem to be two impor- 
tant lessons to be learned from the series of tests described by the 
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author. The first lesson is the ease and success with which a 
welded joint may be made between the very different materials 
used for the station piping and the turbine piping. The other 
lesson is the need for getting a new background of judgment in 
the acceptance of materials selected for conditions never before 
employed. 

A little more might be said with reference to each of these 
lessons. The success of making the welded joint between the 
unlike mater'als was not altogether unexpected, although none- 
theless gratifying. Such joints had previously been used suc- 
cessfully in superheater tubing. They had also been used success- 
fully in the turbine wheels of jet engines manufactured during 
the war. The ability to stand up under 100 such cycles as are 
anticipated in the Sewaren plant, including a smaller number of 
the severe cycles, has been demonstrated. How such joints will 
survive the conditions of service not immediately reflected in the 
tests is a matter in which we shall all be interested. 

The materials chosen for use in this plant have been selected 
particularly because of their long-time strength at high tempera- 
ture, as demonstrated in the most appropriate tests it has been 
possible to devise, among which are included those described by 
the author. 

Over many years it has been customary to judge the materials 
used under less severe conditions by well-known tests indicating 
short-time strength and ductility under ordinary conditions. 

The second lesson to be learned from this presentation is that 
tests, although they have been appropriate in years past for 
ordinary materials under ordinary conditions, can no longer be 
accepted as a suitable background for judgment of the new 
materials developed for the extraordinary conditions now being 
anticipated. It is not the writer’s intention to underestimate the 
importance of any of the short-time low-temperature tests of 
strength and ductility. The important thing to note is that they 
were appropriate for use in judging the materials in current use 
when the test methods were developed. Wholly new levels or 
wholly new tests or both are required for the short-time accept- 
ance of materials suitable for long-time service at extreme tem- 
peratures. 

For instance, we know that large amounts of plastic strain may 
be withstood safely for a limited number of cycles, as this paper 
well shows. We are extending the well-known S-N fatigue curve 
far to the left and finding that it is possible to creep and uncreep 
successively many times under conditions which, on a stress 
basis, would look very severe. We know that the acceptability 
of these compositions is improved frequently by low-temperature 
hardness of a degree which would cast suspicion on the softer 
materials used at lower temperatures. The Sewaren installation 
and this paper constitute a step toward the determination of the 
limitations which must be known as we go to higher steam tem- 
peratures. 


R. L. Jackson.’ From the resu‘ts of the tests described in the 
paper, it was concluded that a welded joint between ferritic and 
austenitic steels showed no deleterious effects from the cyclic 
temperatures imposed upon it. This conclusion was based on the 
tests conducted over a relatively short time. To gain further 
knowledge of the properties of such welds, the writer’s company 
is running long-time rupture tests on bars from each of the welds 
in the test piece, Fig. 1, in the paper. This discussion will cover 
those tests and will comment on the matter of ductility and other 
weld properties. 

As stated in the paper, bend bar tests on samples cut from the 
welds showed little apparent ductility. This same lack of ap- 
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parent ductility has been encountered by the writer’s company in 
welds between dissimilar materials before; one such case being a 
weld between 21/; Cr-1 Mo steel and 1 Mo-0.2 V steel. In such 
cases, upset sections have been used to reduce the stress below 
that in straight pipe sections. When dissimilar materials are 
welded together and subjected to bending, most of the bending is 
concentrated in the more ductile of the two materials causing 
failure, with little apparent ductility indicated between the scribe 
marks. It may be that a new concept of what is obtainable in 
room-temperature properties will be formed when more informa- 
tion is available on the alloys being considered for service at 
1000 F and up. 

Early attempts at welding austenitic materials showed con- 
siderable cracking in the deposited metal. By continued develop- 
ment with attention to rod coating and chemistry, this trouble 
has been almost eliminated. Since the time of the heat-cycle 
tests, considerable welding has been done on the various parts of 
the Sewaren turbine built by the General Electric Company. 
Two halves of a large valve chest approximately 7 ft long with 
21/,-in-thick walls were welded together, and then a large stop- 
valve casing was welded to each end of the chest. Also, a Kelealoy 
transition piece was welded to the inlet of each stop valve, in 
order that the field weld connecting the main steam piping to the 
stop valves could be made between similar materials. At several 
steps in the making of these welds Zyglo and microscopic examina- 
tions were made and x rays taken. No defect in the weld metal 
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was discovered in any of these examinations. Lime-coated elec 
trodes were used for all this welding, and no preheat was used 


The major problem in welding austenitic castings appears to be 


the difficulty of detecting discontinuities in the base metal whic 


Fig. 21 Rupturs Bars AFTER FAILURE AT 1100 F 


(Bar W24B broke in less than 500 ithe other three at times longerjthan 
5 or.) 
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Fie. 23 Srress-RuprurEe Time Curves on Bars Cur From MuutTiwELp Txst Pincr Arrer Cycuic Heat Tusts at 1100 F 
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may develop into large cracks under the influence of stresses set 
up by the welding. 

As mentioned previously, test bars from each weld in the 
multiweld piece were placed in a rupture furnace and held at 
1100 F until failure. The bars were loaded at various stresses to 
obtain data for a stress-time curve. AII the bars loaded to stresses 
to cause failure in less than 500 hr failed in the 2!/, Cr-1 Mo at 
stress-time values comparable to those published for this ma- 
terial. However, even on these bars there was a sharp line of 
demarcation at the fusion zone where the ferritic material showed 
considerable strain and the austenitic material practically none. 
On bars loaded to stresses causing failure in times longer than 500 
hr, an unusual type of failure showed up. Apparently, failure 
starts as a shearing at the fusion zone and then final failure occurs 
as a typical tension failure of the intercrystalline type with low 
ductility (see Figs. 21, 22). Bars from each weld are sti!l running 
in the furnace, but the data obtained so far have been plotted 
(see Fig. 23), and the curves extrapolated to 100,000 hr to give the 
following rupture-stress values: 


100,000-hr rupture 


Electrode strength at 1100 F, psi 
Woe r=S OMNGl ter sresn eee trier Rake Geek Se 6200 
HOCH AS EIN Ig 0 eda i ee 4500 
Pec CralawNia2*/o Mion... ce. ds 4 ane ees 5000 
ZS" CrelOMNdacs eae ae oe ce ee 4100 
PHI @ra20FNibvetest shalom) Ae a. Sha 5900 
Norte: All electrodes except the 15 Cr-35 Ni were stabilized with 
columbium. 


Published data for the 2!/, Cr-1 Mo material give the following 
100,000-hr rupture strengths at 1100 F: 


IB OaW  Hemine ale) itn ce pcre aes oes 
‘Timken’ (rormalized)*...8 so. a" .. 


At present a turbine to operate at 1050 F is being designed with 
stop valves of austenitic steel to which the main steam pipe of 
21/, Cr-1 Mo steel will be welded by a joint similar to the ones 
subjected to the tests described in the paper. The wall thickness 
has been proportioned to give safe stress values in accordance 
with test data. 


J. A. Ronric.!° All who have investigated austenitic welding 
of ferritic materials have been confronted with the same funda- 
mental objection, namely, the effect of stresses due to the dif- 
ferent expansion characteristics of dissimilar materials. The 
author has demonstrated that the expected high stresses either 
did not occur or were not severe enough to cause failure even 
under the conditions imposed by a quench. The published re- 
sults of other investigators are in general agreement with those 
reported by the author. 

Some of the earliest work on austenitic welding of ferritic 
materials appears to have been done in the Krupp Industries as 
judged by published reports. European investigators were ex- 
ploring austenitic welding at that time for use in boiler construc- 
tion. The theoretical objection was raised, however, that owing 
to the greater coefficient of thermal expansion of the austenitic 
weld metal as compared with that of the ferritic boiler-construc- 
tion materials, there would be produced intolerably high differ- 
ential stresses which would vary considerably with heating and 
cooling. 

Kautz}! stated that alternating hydrostatic-pressure tests 
on boiler drums containing austenitic welds, as well as tempering 


10 Research Department, The Detroit Edison Company, Detroit, 


Mich. 
11 “The Development of Austenitic Welding,” by K. Kautz, Tech- 


nische Mitteilungen Krupp, vol. 3, August, 1935, pp. 143-173. 
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and cooling tests on austenitic-welded structures, did not sub- 
stantiate the fear that the differential stresses between ferritic 
base material*and austenitic weld metal were dangerous because 
of different thermal expansions. A further result of those earlier 
studies by both Beckman and Kautz was the Krupp “special 
weld,’”’ German Patent 567094, pertaining to the application of 
austenitic welding in boiler and auxiliary-equipment construc- 
tion.!? The invention covers a chromium-nickel austenitic weld- 
ing electrode of the nominal composition, 25 chromium-20 nickel, 
and was recommended for the welding of ferritic steels. 

In 1936 The Detroit Edison Company used austenitic chro- 
mium-nickel electrodes to weld a carbon-molybdenum test section 
of 51/2-in-ID and 2/;-in. wall thickness into an 18-8 stainless-steel 
experimental steam line operating at 925 F and 380 psi pressure. 
The welds were made using 18-8 electrodes, not stabilized. One 
such austenitic welded joint was examined in 1943, after it had 
been in service for 20,000 hr carrying steam at 925 F. During its 
service life, the joint had been cooled to room temperature 42 
times. No harmful effects resulted from either the carbide pre- 
cipitation at the fusion zone of the weld or the mechanical stres- 
sing of the joint, caused by the unequal expansion of the austen- 
itic weld metal and the ferritic pipe metal. 

In addition to the fact that the austenitic weld was entirely 
satisfactory for further service, a significant finding of that par- 
ticular investigation was that the austentitic weld metal had a 
pronounced effect in suppressing graphitization in the weld-heat- 
affected zone of the ferritic pipe material. 

Subsequent investigation confirmed this finding and the results 
of the study were reported in 1944.13 Although austenitic weld- 
ing was suggested at that time as a means for control of graphiti- 
zation in carbon-molybdenum piping, the same objection, namely, 
stresses due to differential expansion, was raised. This objec- 
tion appears to have been disposed of by the results reported from 
tests as well as from actual service. 

A macrograph of the cross section of the austenitic-welded 
joint that had been in service for 20,000 hr at 925 F is shown in 
Fig. 24 herewith. A micrograph of the joint is shown as Fig. 25. 
Although a considerable amount of carbide had migrated from the 
carbon-moly pipe to the fusion zone of the 18-8 weld and into the 
weld metal, the Charpy notched-bar strength of the fusion 


12“'The Krupp Special Weld: German Patent 567094,” by E. 
Beckman, Technische Mitteilungen Krwpp, vol. 3, August, 1935, 
pp., 1387-142. 

13 “A Study of Austenitic Welding for Control of Graphitization in 
Steel,’ by I. A. Rohrig. See pamphlet on “‘Graphitization of Steel 
Piping,’ pp. 65-76, published September, 1945, by THz AMERICAN 
Society or MECHANICAL ENGINEERS. 


Fig. 24 Cross Section or AN 18/8 WELD BretweEEN 18/8 PipH at 
Lert, AND C-Mo Pirz at Rieut, Arrer 20,000 Hr at 925 F 


(Black line at fusion zone between C-Mo pipe and 18/8 weld is composed , 


of carbides and is not a crack; X1!/2 approx.) 
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Fie, 25 Heat-Arrectep AREA OF 18/8 Cr-Ni WELD IN O-Mo PIPE, 
SHowinG CARBIDE Banp aT Fusion ZoNE AFTER 20,000 Hr or 
SERVICE aT 925 F; X100 


zone was excellent and showed no reduction as a result either of 
carbide precipitation and enrichment or of differential stressing 
due to heating and cooling in service. The notched-bar values 


TABLE 12 CHEMICAL COMPOSITION OF STEELS 


Code 

no. Cc Mn P Ss 
24 0.07 0.52 0.021 0.003 
25 0.06 1.43 0.018 0.006 
52 0.11 0.45 O20TI=s OF 021 


obtained are given in Table 11 of this discussion. These results 
support those given in the paper. 
Objections have been raised against austenitic welding of 


TABLE 11 NOTCH TOUGHNESS AT 70 F OF AN AUSTENITIC- 
WELDED JOINT AFTER APPROXIMATELY 20,000 HR AT 925 F 


Location of notch Toughness, ft-lb, 

in specimens Charpy V-notch 
(a) In 18/8 Cr-Ni weld metal, 60 
At GODLEL’ OL- WEI jesse ders ov cident 70 
78 
(b) At junction between weld 110 
metaliand pipe metal. A). i)... oc aerate 105 
190 


(c) In pipe metal unaffected 110 
DYOWElGS tetcostsuctmen cuits ce teense aan 


0.386 17.97 10.40 0.011 gas 0.58 
0.444 17.80 11.16 0.076 0.77 , 
0.390 3.21 0.21 0.97 Fs 


ferritic materials because of some failures in service. The failur | 
may have been due to factors such as inadequate heat-treatme i] 
or improper choice of materials for the service involved. Auste 

| 


itic welds, if made in carbon steel that is to be used at high tem) 
q 


carbon depletion and grain growth in that zone during hig 
temperature service. As little alloy as 0.50 per cent molybdenuy; 
has been found to be effective in preventing such grain growth i 
the weld-heat-affected zone even though carbon depletion ma 
still occur. | 

Austenitic welds likewise are not advisable for high-tempera 


1 
ture applications in steels that develop a highly martensitic stru u 
ture in the weld-heat-affected zone, unless the martensitiif 


structure is fully tempered or annealed before service. The 155¢ 
F annealing treatment used by the author would satisfy tha) 
requirement. | 

Fig. 16 of the paper shows a complete absence of a martensiti¢f 
structure in the weld-heat-affected zone in the 2!/, chrome-}} 
moly base material, which is favorable. The structure indicate 
also that some carbon depletion has occurred in the weld-heat 
affected zone. The alloy content of the base metal, however# 
would prevent grain growth in that zone. 

Afterexamination of the test results reported for each of th 
different welds in the special test section used by the author, 
question arises concerning his selection of the 19-9 welding elec 


| 


|} 


i 


} 


a 


used, cracks developed. This fact, together with the lower ex: 

pansivity and greater structural stability of the 25-20 weld, seems}; 
to favor the use of electrodes of that composition rather than oj} 
19-9. 


A. B. Wiiprr."*~ Stability at 1050 F (565 C) of the 18-8 Cli 
stainless steel and 3 Cr-1 Mo ferritic steel used in the Sewarerif 
Generating Station over long periods of exposure is one of the! 
factors which will have an important bearing on the ultimate 
properties of these materials. Data 116 developed in our labora4) 
tories on similar steels shown in Table 12 herewith, after exposure 
at 900-1050-1200-F (480, 565, and 650 C) for a period of 10,000 hy} 
in the welded and unwelded conditions, will be discussed. E 

The prior heat-treatment before depositing weld beads and th | 
welding electrodes used are shown in Table 13 of this discussion} 
The weld beads were deposited with a 1/s-in-diam electrode using} 
100 amp at 24 volts, and an arc travel of l10ipm. No preheating} 
or postheating was employed. 

Microstructure. Titanium carbides in the 18-8 Ti, and colum+ 
bium carbides in the 18-8 Cb in the unexposed parent metal are} 


i 


Cr Ni Mo Cb Ti 


Code Steel Heat-treatment prior Welding electrode 
no, designation to exposure employed 
24 18-8 Ti (321) 1900 F water quench Type 347 
1550 F air cool 
25 18-8 Cb (321) 1550 F air cool, queneh ~ Type 347 
52 3 Cr-1 Mo 1550 F anneal Type 502 


14 Chief Metallurgist, National Tube Company, U. S8. Steel Cor-|: 
poration of Delaware Subsidiary, Pittsburgh, Pa. 
16 “Graphitization of Steel at Elevated Temperatures,” by A. BL. 
Wilder and J. D. Tyson, Trans. ASME, vol. 40, 1948, p. 233. | 
16 Stability of Steels at Elevated Temperatures,” by A. B. Wilde 1 
aad J. O. Light, Preprint no. 36, American Society for Metals,|, 
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(0) 


Fic. 26 Unexposep Parent Metat; X1000 


(a, 18-8 Ti oxalic-acid etch, showing titanium carbides; 
acid etch showing columbium carbides; 


b, 18-8 Cb oxalic- 


c, 3 Cr-1 Mo nital etch showing 


carbides.) 


shown in Fig. 26 a,b, and c herewith. Grain structure of the 
weld heat-affected zone of these steels before exposure had a 
tendency to have a columnar structure normal to the weld metal 
junction. 

In the 18-8 Ti and 18-8 Cb parent metal, sigma phase was ob- 
served after 10,000-hr exposure at 1200 F (650 C). The occur- 
rence of this phase was questionable at 1050 F (565 C) and was 
not observed at 900 F (480 C). Sigma phase in the 18-8 Ti steel is 
illustrated by comparison of Figs 27(a) and(b). Sigma phase was 
also observed in the weld-heat-affected zone of the 18-8 Ti and 
18-8 Ch steel after 10,000-hr exposure at 1050 and 1200 F (565 
and 650 C). A larger quantity of the constituent was present in 
the weld-heat-affected zone than in the parent metals. 


In the 3 Cr-1 Mo, no graphitization was observed after expo- 
sure for 10,000 hr at 900, 1050, and 1200 F (480, 565, and 650 C). 
No change in microstructure was detected after exposure at 900 
F. A slight agglomeration of carbides occurred at 1050 F after 
exposure, and at 1200 F additional agglomeration was observed. 

Impact and Hardness Properties. Impact properties of the 
several steels are shown in Table 14. The lower impact properties 
of the 18-8 Cb and 18-8 Ti steels after 10,000 hr exposure at 1200 
F (650 C) were associated with the presence of sigma phase. No 
explanation is offered at this time for the lower impact properties 
of the 38 Cr-1 Mo steel after exposure. 

Hardness changes are presented in Table 15 of this discussion. 
The austenitic steels became slightly harder at some exposure 
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(a) 
Ere. 27 


(a, 18-8 Ti Murakami’s reagent showing carbides; r E 1 
/ etching with Vilella’s reagent showing carbides and white constituent sigma phase.) 


TABLE 14 IMPACT PROPERTIES 


Charpy full-size keyhole notch specimens, ft-lb 
-——Exposed 10000 hr——. 


Steel designation Before exposure 900 F 1050 F 1200 F 
18-8 Ti (321) 107 88 72 62 
18-8 Cb (347) 56 63 51 32 
3 Cr-1 Mo 77 52 39 Al 


temperatures. These changes were probably associated with a 
precipitate, submicroscopic in size. The slight change in hardness 
of the 3 Cr-1 Mo steel after exposure at 1200 F may be associated 
with carbide agglomeration. 


TABLE 15 HARDNESS PROPERTIES 


Rockwell B hardness 
-——~—exposed 10,000 hr——. 


Steel designation Before exposure 900 F 1050 F 1200 F 
18-8 Ti (321) 81 82 83 89 
18-8 Cb (347) 88 81 85 84 
3 Cr-1 Mo 77 15 74 71 


The material described in this discussion will be exposed for 
a period of 10 years. Creep resistance, tensile properties, and 
other mechanical, as well as certain chemical properties, will be 
determined after exposure. 


N. L. Mocueu.'” It was indeed a pleasure to co-operate with 
the author and his associates of the Public Service Electric and 
Gas Company, and with the representatives of the General 
Electric Company, the M. W. Kellogg Company, the Combustion 
Engineering Company, and the United Engineers and Con- 
structors, Inc., in the planning and carrying out of the tests 
described so well in this paper. - 

Along with others, the writer’s company received a long section 
of the welded composite after all of the tests were completed, 
and some studies made on this specimen may be of interest in 
connection with a study of the entire matter. 

A longitudinal specimen from the Kelcaloy test piece was 
secured, and this was cut up to observe the general nature of the 
joint of the cast to the wrought material. Visual and micro- 
scopic examination and bend tests left the impression that the 
cast 18/8 stainless steel and the wrought chromium-molybdenum 


17 Manager, Metallurgical Engineering, Westinghouse Electric 
Corporation, East Pittsburgh, Pa. 
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(b) 


b, same field as a after repolishing and 


steel were well bonded together, and no separation had taken] 
place during the cycling tests. | 

A section 2!/, in. wide for the full length of the multiweid} 
test piece, Figs. 1 and 2 of the paper, was procured. This piecé¢ 
was identified as J-10. The five welds in the longitudinal section 
were identified in order as follows: 


Designation Deposited metal 
A 15 Cr-35 Ni i} 
B 19 Cr—- 9 Ni Cb Buttered with 25/20 ||} 
Cc 18 Cr-13 Ni-21/2 Mo-Cb Buttered with 25/20 |} 
D 23 Cr-13 Ni-Cb i 
E 25 Cr—20 Ni ji 


The full length of specimen was first ground, polished, and 
etched to show the general structure. The results are recorded] 
in Figs. 28, 29, and 30 of this discussion, which should be grouped i 
together to show the full length. Close examination shows smal i 
root cracks in the case of welds A and B. The other three were! 
sound. 

Figs. 31 and 32, herewith, show the manner of cutting up this 
longitudinal specimen to provide creep-rupture and creep 
specimens. Four such specimens were prepared from eac 
welded joint. Creep and creep-rupture tests were made on mostif 
of these specimens and gave results as shown in Table 16 of this 
discussion. 


1a 
i 


| 


t 
' 
k 
' 
f 
5 
| 
F 
|: 


TABLE 16 RESULTS OF CREEP AND CREEP-RUPTURE TESTS 
. Test load, | 
Specimen psi Results of tests 
A-1 40000 Failed in 3 hr; failure in Cr-Mo steel 
A-2 20000 Discontinued after 158 hr; 14.4 per cent elongatio 
A-3 8000 Discontinued after 500 hr 
B-1 8000 Still running after 7800 hr; present creep rated| 
is 4 X 1078 per hr | 
B-2 12000 Failed after 3400 hr in joint of weld to Cr-Mo stee ] 
B-4 20000 Failed after 270 hr, with 32 per cent elongatiors 
in mid-length of Cr-Mo steel | 
C-1 40000 Failed after 21/2 hr in CrMo steel 
C-2 20000 Failed after 139 hr, with 20.4 per cent elongatio 
in CrMo steel 
C-3 8000 Discontinued after 500 hr 
D-1 8000 ° Still running after 7800 hr. Present creep rat 
is 5.8 X 10-8 per hr 
D-2 12000 Failed after 5420 hr in fillet of Cr-Mo steel 
D-3 20000 Failed after 105 hr in joint of weld to Cr-Mo stee 
E-3 12000 Disponiuned after 3000 hr; 1.88 per cent elonga4 
ion 
H-4 8000 Discontinued after 3000 hr; 0.28 per cent elonga. 


tion 


Fig, 28 


Fig. 29 
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Fic. 33) Microsrructure or 18-8 Ferrite WELDED JOINT 


(1) Ferrite material 

(2) Decarborized zone 
(3) Carbide migration 
(4) Buttered 25-20 

(5) Heat-affected zone 
(6) Weld 18-13-2-1/> 
(7) Cast 18-8 


Etchant: (1)-(2) and (8) 2 per cent Nital; (4)-(5) and (6) and (7) 10 
per cent Chromic Electrolytic 


Magnification: X60 


WEISBERG—CYCLIC HEATING TEST OF MAIN STEAM PIPING JOINTS 


Fig. 33 


(Continued) 


Fig. 33 shows a composite micrograph of the C-weld. It 
may be of interest especially because it shows the decarburized 
one where the weld joins the ferritic material. This matter of 
sarbide migration will receive much comment and thought. It is 
f interest that some of the specimens mentioned failed at this 
yoint in the creep-rupture tests. This matter will bear further 
xamination. 


AvuTHOR’s CLOSURE 


Messrs. Blumberg’s, Jackson’s, and Mochel’s discussions should 
ye considered as supplementing the paper, much of the work 
nvolved in the test having been carried out by them. Mr. 
Yonrad’s stress analysis also helps make the presentation more 
omplete. 

Mr. Akin’s tests on tubing are helpful in evaluating the various 
eat-treatments which may be used. Because his welds were 
© much smaller, he was able to cover the entire range of possi- 
ilities. This preliminary work was not practical with the large 
ipe used in our test. His specimens 4A-6 and 4A-7 (Table 6) 
vhich were postheated to 1550 F and showed elongations of only 
.0 and 2.5 per cent, respectively, would appear to explain the low 
uctility of the multiweld piece of our test. Messrs. Blumberg 
nd Brister point out, and our independent observations of other 
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work indicate, that this heat-treatment does lower ductility. The 
resultant structure with 1550 F postheat, however, may represent 
more closely that which would be expected in actual service after 
several years of operation at 1050 F, and therefore may have 
been more desirable for the purpose of this test. 

Mr. Akin’s evaluation is based entirely on ductility. As Mr. 
Robinson points out, ductility tests may not be appropriate for 
judging the suitability of materials for long-time service at ex- 
treme temperatures. 

Mr. Akin’s suggestion that a 25-20 transition piece be used to 
make the joint between the dissimilar steels may have considerable 
merit for superheater tubing, where a large number of joints must 
be made under confined space conditions, and therefore the 
elimination of the field postheating would result in considerable 
saving in erection costs. 

In reply to Mr. Akin’s specific questions, the multiweld piece 
was stress-relieved before it was allowed to cool from the preheat 
temperature. As reported in the discussion by Messrs. Blumberg 
and Bunn, the Kelcaloy piece “was annealed by heating to 1550 
F, holding for 4 hr, followed by furnace-cooling.”’ 

Referring to Mr. Rohrig’s comment on the choice of 19-9 weld- 
ing electrodes for future use in making a weld between the dis- 
similar materials, this filler metal was selected tentatively because 
of the desire to have the weld as nearly the same composition as 
the base metal as possible. The better weld obtained with the 
25-20, compared to the 19-9 in the multiweld piece of the test, 
should not be taken as being representative of the two filler 
metals, as these were the first welds made, and much has been 
learned regarding welding heavy austenitic sections since that 
time. More information is expected to be available before it will 
be necessary to make our decision. 

Mr. Wilder’s investigation of the stability of various steels at 
operating temperatures will be followed with great interest. 
There is no complete substitute for time in determining the be- 
havior of metal at high temperature. 

The wide interest in the subject of this paper, shown by the 
large amount of discussion, is gratifying. It is evident that weld- 
ing high-pressure austenitic piping is an involved problem subject 
to many contradictory ideas. Because of the high coefficient of 
expansion, low conductivity, and low yield point of austenitic 
steels, the welding of heavy sections is particularly difficult. 
When we superpose on all this the problem of welding dis- 
similar materials, with the possibility that what is good for one is 
not good for the other, we have a real job on our hands. 

The following are some of the factors which have been suggested 
as being important in the welding of austenitic steels: 


Castings or forgings 
Preheat temperature 
Postheat temperature 


Carbon content 
Silicon content 
Cb or Ti content 


Cb — C ratio Peening 
Si — C ratio Buttering 
Cb — Si ratio Type of weld bead 


Welding current 
Weld-rod coating 
Backing rings 


Cr — Ni ratio 
Delta-ferrite orientation 
Grain structure 


Room-temperature physical properties of test coupons are the 
criterion by which the importance of the various factors are 
judged. 

The end result desired is a piping system which will stand up 
satisfactorily in power-plant service at the specified temperature 
for as long a time as possible, say, up to 40 years. Room-tempera- 
ture physical properties of test coupons serve only as an indication 
of the soundness of the joint. They are no measure of the high- 
temperature properties of the full-size joint, nor of the stability 
of the metal at high temperature. High-temperature testing, 
either full scale or of test coupons, is costly and time-consuming, 
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but this is what is needed if we are to avoid failures in service. 
Admittedly, these cyclic heating and cooling tests just scratch the 
surface. 

It is comforting to know that even though the welds in the 
multiweld piece were not of good quality, as Judged by the cus- 
tomary but, nevertheless, arbitrary tests of room-temperature 
physical properties, no apparent change resulted from cyclic heat- 
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ing and cooling. The use of the Kelealoy joint appears to pry 
vide an additional factor of safety, and therefore in our opiniol 
is Justified in view of the uncertainties of the situation. | 

At this date the first two units at Sewaren have been in oper 
tion about 5 months. Plans for the additional tests mentioned | 
the paper are well advanced, and it is hoped that more ii 
formation will be available soon. | 


Energy in the Engine Exhaust 


By P. H. SCHWEITZER! ann T. C. TSU,? STATE COLLEGE, PA. 


The maximum amount of energy which an ideal turbine 
can recover from the exhaust gas of an engine is the same 
as the additional energy obtainable from an ideal, com- 
plete-expansion piston engine. This energy, known as the 
convertible blowdown energy, is equal to the tail triangle 
of the p-v diagram. A chart is presented for the quick 
determination of the convertible blowdown energy for ex- 
haust release pressures between 10 and 1000 psia, exhaust 
release temperatures between 0 and 4000 F, and altitudes 
_between sea level and 40,000 ft. 


fuel released during combustion in an engine escapes through 

the exhaust, it is not surprising that engineers pay more and 
more attention to the recovery of the exhaust energy. That 
generally takes one of two forms. The energy of the exhaust is 
either used for heating, or it is used for producing mechanical 
work. The thermal utilization of the exhaust, which pertains to 
heat exchangers and exhaust boilers, is outside of the concern of 
this paper. 


ie view of the fact that 30 to 50 per cent of the energy of the 


ExuHaust ENERGY FOR PowER PRopUCTION 


Recently the exhaust energy is being utilized more and more 
for the production of power. Compound engines, exhaust tur- 
bines, and inertia charging of cylinders belong to this category. 
Exhaust turbines are now widely used both for aircraft and 
Diesel engines for power boost. Ordinarily the power gain is only 
indirect. The exhaust turbine drives a blower which super- 
charges or helps to supercharge the engine. In some applications, 
however, the turbine has been geared to the main shaft to aug- 
ment the engine power. 

While the turbine is the most popular means of utilizing the 
exhaust energy, it is helpful to know that the maximum amount 
of work which an ideal turbine is capable of producing is exactly 
equal to the work an ideal engine would deliver if the same ex- 
haust gas were allowed to expand in both cases to the same am- 
bient pressure. One of the authors called attention to this fact* 
in 1925 but it has been largely ignored. 

“Complete-Expansion”’ Piston Engine. In case the exhaust 
energy is utilized in a second, complete-expansion, piston 
engine, the gain is evidently equal to the tail triangle of the p-v 
diagram, shown shaded in Fig.1. Line 4-1 is the constant-volume 
line at the bottom center position of the piston from exhaust re- 
lease pressure to ambient'pressure. Line 4-5 is an isentropic from 
point 4 to ambient pressure. Line 1-5 represents the ambient 
pressure, which at sea level is 1 atm. The area of the triangle can 
be expressed either as 


1 Professor of Engineering, Research and Consulting Engineer, The 
Pennsylvania State College. Mem. ASME. 

2 Research Associate, The Pennsylvania State College. 
ASME. 

3 ‘How Much Can Be Gained by Exhaust Turbines?” by P. H. 
Schweitzer, Mechanical Engineering, vol. 48, 1925, pp. 860-861. 

Contributed by the Oil and Gas Power Division and presented 
at the Annual Meeting, New York, N. Y., November 28—December 3, 
1948, of Taz American Society or MuecHANiIcaL EINGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. Paper No. 48—A-56. 
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Fic. 1 ConvertisteE BLowpown 


Convertible blowdown energy = W, = (u — wo) — Apo(vo — v) 
or as 


W, = (h — ho) — A(p — pov 


where wu and us represent the internal energy of the gas at points 
4 and 5, h and hy the enthalpy at those points, and A the recipro- 
cal of the mechanical equivalent of heat. In using the latter 
formula and assuming the exhaust to be a perfect gas 


W, = (h— hy) — ant (1 —*') 
Pp 


Exhaust Turbine. In the other case the exhaust energy is re- 
covered by an exhaust turbine during the blowdown process. 
Assuming an idea] turbine which utilizes 100 per cent of the isen- 
tropic enthalpy drop across the turbine all the time, while the 
gas blows out of the cylinder until the cylinder pressure becomes 
ambient atmospheric, the total turbine work is 


W.= f (h, — hoaG 
where h, is the instantaneous enthalpy, and G the mass of the 
gas in the cylinder. Envisaging | lb of gas before éxhaust release, 
the integration limits are 1 and the final amount of gas Go which 


remains in the cylinder when the blowdown process is completed. 
It can be shown mathematically or by a heat balance that 


1 
ih (h, — ho) dG = (h — ho) — ART (: at 
Go Pp 


In a particular case p = 180 psia, 7 = 3300 R and pp = 14.7 
psia 


(h — ky) — ART ( as =) = (784.19 — 356.69) 


53.3 X 3300 (1 14.7 
778 


= 220.5 Btu per lb 


Jo, (2 — ho) aC 


is also evaluated in Fig. 2 by graphical integration, always 
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180 psio 
3300 R 


MASS OF CYLINDER GAS G— |b 


Fic. 2. CURVES OF Dz, Wz, AND (hz-ho) VERSUS G 


assuming G, = p,V/RT, and using Keenan and Kaye’s‘ tables 
in the computations. The planimetration of the area under the 
(h, — ho) line gives exactly 220.5 Btu per lb and serves as an 
empirical proof (if one is needed) that the ideal engine delivers the 
same amount of work as the ideal turbine. 

Fig. 2 illustrates the variation of the cylinder pressure p,, the 
isentropic enthalpy drop (h, — ho), and the theoretical discharge 
velocity w,, as the mass of cylinder gas decreases during the blow- 
down process. It may be noted that after the completion of the 
blowdown process, about 15 per cent of the gas mass remains in 
the cylinder. 

Steady-Flow Turbine. If the same pound of cylinder gas were 
used in connection with a steady-flow turbine (the steady-flow 
condition being obtained by interposing an infinitely large re- 
ceiver between the turbine and an assumed eight-cylinder engine), 
the maximum ideal turbine work would be only 129 Btu,® or 
58.5 per cent of the convertible blowdown energy. 


CONVERTIBLE BLOWDOWN ENERGY 


It is clear that in order to obtain the maximum amount of 
energy from the blowdown gas, each gas element should be uti- 
lized at its highest possible pressure and temperature. During 
the early part of the blowdown process, the pressure and tempera- 
ture of the discharging gas are high. Naturally, more available 
energy can be obtained from this high-pressure high-tempera- 
ture gas than if it were allowed to mix with the later portions of 
exhaust gas, thereby reducing its pressure and temperature. 
The convertible blowdown energy, therefore, is the theoretical 
maximum amount of energy which can be recovered from the 


4 “Thermodynamic Properties of Air,’”’ by J. H. Keenan and J. K. 
Kaye, John Wiley & Sons, Inc., New York, N. Y., 1945. 
5 Based upon yet unpublished data by one of the authors. 


blowdown gas. It can be regarded as the goal which designers of 
exhaust turbines may try to approach, but never quite reach. 

This fact gives the concept ‘‘convertible blowdown energy” a 
more than casual significance. It represents the maximum theo- 
retical amount of energy that can be recovered from 1 lb of 
cylinder gas if it is allowed to expand to ambient atmospheric 
pressure. The “convertible blowdown energy” is defined by the 
initial condition of the gas p and T and by the ambient pressure 
to which the gas can expand. 

It should be noted that in the foregoing formulas, W, is the 
convertible blowdown energy expressed in Btu per pound of gas 
that exists in the cylinder at the point of exhaust release. For a 
given engine the total convertible blowdown energy is 


U = W,w, Btu per min 


where w, = the mass rate at which cylinder gas is produced 
(Ib per min). 


w-o(-a)o( +8) (8) 


w, = |b of cylinder gas produced per min 

n = number of engine cylinders 

D = cylinder bore, in. 

S = piston stroke, in. 

S, = effective expansion stroke = piston stroke at point of 
exhaust release, in. 

7 = compression ratio 

N = engine speed, rpm 

c, = constant = 1 for two-stroke-cycle engines, or 2 for four- 
stroke-cycle engines 
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Fig.3 CHartT ror DETERMINING CONVERTIBLE BLOWDOWN ENERGY 


(Example: At 30,000 ft altitude, ambient pressure = 


4.36 psia; exhaust release temperature = 2000 F; 


exhaust release pressure = 50 psia; pressure ratio = 11.5; convertible blowdown energy = 156 Btu per Ib 
of cylinder gas.) 


exhaust release pressure, psia 

exhaust release temperature, deg R. 

R = gas constant = 53.3 X 12 if cylinder gas is assumed to 
have properties of air 


Ss 
Io 


REFERENCE CHARTS 


Charts shown in Fig. 3 have been prepared on the basis of air 
tables for ready reference in computing the convertible energy 
contained in the exhaust. It shows the convertible portion of the 
heat energy in 1 Ib of cylinder gas, from sea level to 40,000 ft alti- 
tude. 

In order to cover a wide range of pressure ratios, the ab- 
scissa is in logarithmic scale. From the exhaust release pressure 
and the altitude, the pressure ratio is obtained by an alignment 
chart below the abscissa axis. 


The example shows that at 30,000 ft altitude with an exhaust 
of 50 psia release pressure and 2000 F release temperature, the 
convertible blowdown energy: is 156 Btu per lb of cylinder gas. 
Compared with the fuel energy which approximately amounts to 
1350 Btu per Ib of air in a spark-ignition engine, the convertible 
blowdown energy is some 11.5 per cent. At sea level the same ex- 
haust has only 60 Btu blowdown energy available to boost the. 
thermal efficiency by 4.5 per cent if full recovery is accomplished. 
This means that, even theoretically, of the energy which escapes 
through the exhaust, only about one fifth can be recovered. At 
high altitudes a larger recovery is obtainable. 

The chart is based on the thermodynamic properties of air. 
In order to show that with combustion gases the results are only 
slightly different, in Fig. 4 the convertible blowdown energy of 
pure air and that of the combustion products of a chemically 
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(Assumptions: 71 = 4000 R; po = 14.70 psia; fuel = [CHe.25J]2; fuel/air 
= 0.0665.) 


correct fuel-air mixture are compared. In the computation for 
the curve marked “air and fuel,” a chart of thermodynamic 
characteristics prepared by Hershey, Eberhardt, and Hottel was 
used. 

In view of the fact that the exhaust release pressure is 
seldom more than 6 times atmospheric, the error committed by 
using the air chart is negligible. 


SPINNER 


IMPACT AIR 
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Discussion 


IsraEL Katz.6 The authors have added materially to the 
advance of internal-combustion engines and have presented 
convincing case favorable to piston-engine compounding. Th 
following remarks are made solely to illustrate how energy i 
the engine exhaust may perhaps best be employed in aircraf 
propulsion machinery. 

While utilization of exhaust energy affords a ready means fot 
boosting the power output of many engines, it is quite evident 
that aircraft piston engines have reached a point in development 
where substantial improvements yield only marginal performanc« 
advantages. Turbosuperchargers and coupled gas turbines offer 
but minor gains in net propulsive effort over the thrust boosts 
attainable with relatively simple duct-type augmenters or jet 
stacks (devices which involve little penalty in terms of me- 
chanical complexity, increased weight, operating hazards, costs} 
and installation difficulties). | 

However, a 15 per cent power boost for sea-level take-off an 
moderate altitude cruise (up to 20,000 ft) without loss in fue 
economy currently justifies the complexities of turbine com- 
pounding, and the leading engine builders have recently an- 
nounced. their contributions to this art. On the whole, such 
gains are only of temporary importance (long-range heavy bombe 
propulsion) and involve engine and airframe design changes which 
already crowd the point of marginal return. Further reduction 
in the weight /power ratios of existing engines may involve seriou: 
losses to reliability or endurance. Higher compression ratios or 
operation at very high manifold pressures will now yield only’ 
minor gains in economy or power output within limits set by 
incidence of detonation, spark-plug fouling, lead deposition, 
bromide attack on combustion-space components, increased fuel- 
octane requirements, and inadequate cylinder cooling. Opera- 
tion at higher piston speeds will contribute to some power ad- 
vantages, but also to greater mechanical losses, deleterious vibra-_ 
tion, piston scuffing, and abnormal bearing wear. | 


6 Associate Professor, Cornell University, Ithaca, N. Y. 
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2-CYCLE RECIPROCATING ENGINE 
SECOND STAGE COMPRESSION 
COMBUSTOR 

JACKET 


NACELLE OUTLINE 


FIRST STAGE 
COMPRESSION 


IMPELLER 
COOLING AIR DUCT 


DUCTED JET 


PRIMARY JET NOZZLE 
EXHAUST CONE 


EXHAUST BLOW -DOWN 
TURBINE 


Fie. 5 Turso Toprine PoweEr-PLAnT INSTALLATION COMPOSED OF A MECHANICALLY SUPERCHARGED 
‘ ” a] 
Two-StrokE-Cyc.e “Topping”? ENGINE, SEVERAL ComBustTors, A TURBOSUPERCHARGER AND DucTEp 
Jer Nozze 


(Air passing through first-stage compressor supplies engine and combustors. 


Engine exhaust gases 6, combine 


with air from the first-stage compressor 2, expand through the turbine 7, and primary jet nozzle 9, and finally 


merge with cooling air to provide substantial thrust boost 10. 


Drawing by Lieut. Col. E. E. Ambrose, 


U.S.A.F., working on this development under direction of discusser at Cornell Aircraft Power Plants Laboratory.) 
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Perhaps a novel approach to this seemingly exhausted en- 
deavor may expose a new field for further developments. Highly 
refined engines surely merit the attention that a new viewpoint 
can bring to bear. 

A recent classroom study, at the Sibley School of Mechanical 
Engineering, devoted to significant changes in aircraft-engine 
design and compounding possibilities, tentatively discloses that 
power-plant performance may be substantially improved if 
piston engines were used as “topping units” in combination 
with turbo-power-plant components. The power-plant installa- 
tion evolved from this study (Fig. 5 of this discussion)’ may 
have some very promising features, such as: 


1 High power output at moderate crankshaft speeds to be 
achieved through two-stroke-cycle operation, substantial super: 
charge, and uniflow scavenging during extended valve overlap. 
The use of very rich fuel-air mixtures should permit operation at 
high charge densities with low-octane fuels and afford a measure 
of internal cooling during the scavenge period. 

2 Unusual over-all fuel economy (for the installation weight / 
power ratio) to be made possible by afterburning prior to tur- 
bine expansion (consistent with maximum allowable turbine- 
blade temperatures), in addition to the use of exhaust energy for 
supercharger operation and thrust augmentation in a ducted jet 
nozzle (where combustion products are to merge with heated 
cooling air). 

3 Low weight/maximum-power ratio to be attained through 
two-stroke-cycle engine simplicity and the use of relatively light 
auxiliary components. 

4 Low cost/power ratio to be achieved through use of exist- 
ing highly developed piston engine, turbosupercharger and gas- 
turbine components. 

5 Good installation versatility and maintenance ease. 


Design details cannot be discussed, but the following informa- 
tion will illustrate other anticipated installation properties: 


1 Displacement (piston engine), cuin................4.. 2000 
Seernastallation weigiit, UD: peiciexqee neuer cesers «tishgre oleh here averete 2900 
Bee sea-level take-off power, DDDic 2... ccc cay gece nee 3600 
Pansuatie jet Gorust: (take-oll), ND... cs cee re hee ee ee ene 800 
5 Take-off bsfe (installation), lb per bhp-hr.............. 0.56 
6 ‘Take-off crankshaft speed, rpm.:.........603...8..0005 3000 
Smetike-ofl te. Per Celt ft rare cscs tories eres ok (ooh cep ece DANG 
8 Manifold air pressure (TO), in. Hg abs................ 80 
wa Release pressure. (10), in. He abst a. ai...6......anaeen ee 60 
m=. Combustor pressure (TO), in. Hg abs..=..........0.-.8. 49 
11 Combustor temperature (TO), deg F.................. 1400 
12 Cruise power at 10,000 ft and 400 mph, bhp............ 1800 
13 Cruise jet-thrust at 10,000 ft and 400 mph, lb.......... 600 
14 Cruise bsfe (installation), lb per bhp-hr................ 0.438 
BerGririse power btesper centa.. ...00. sence diause seve: 28.2 


E.C. Macpresurcer.’ The paper presents a simple and quick 
way of estimating the heat content or potential energy of the ex- 
haust gases of an internal-combustion engine for any possible 
pressure and temperature of these gases and for any pressure or 
altitude of the ambient air. ‘‘To measure is to economize,” is 
the sage observation attributed to Pascal. Hence this new 
knowledge of the amount of energy wasted in the exhaust will 
keep on pointing its accusing finger at the engineer and challenge 
him to find ways and means of preventing this waste in a world 
which is becoming more and more sensitive to the status of its 
rapidly dwindling petroleum reserves. 

However, it is not enough, for instance, to know with reasona- 
ole certainty just how much petroleum is stored in the vast 
leposits of oil-soaked shales in Colorado. The question is how 
wre we going to make that oil practically available. 


7 Head Engineer, Bureau of Ships, Navy Department, Washington, 
D.C. Mem. ASME. 
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It would seem, therefore, that the value of the paper would 
be enhanced by the presentation of one possible method which 
was found in the huge mass of ‘‘unfinished business” ¢ reated by 
the German surrender. Apparently, only preliminary tests were 
completed, the purpose of the research having been the develop- 
ment of a “back-pressure’”’ engine suitable for jet propulsion. 
Unless this idea is found to possess attractive economic possibili- 
ties on this side of the ocean, it will stay buried in the mountains 
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Fic. 6 Draagrams or GerMAN Back-PRESSURE ENGINE 


of rubble and desolation by a people more concerned about 
physical survival than about contributions to the more efficient 
use of fuel resources of the world. 

The concept of the new engine rests upon two opposing pistons, 
the lower connected to a crankshaft in a normal manner, the 
upper made of larger diameter and driven at one half the crank- 
shaft speeds as from the customary camshaft of the four-cycle 
engine. The engine operates on a cycle requiring four strokes of 
the lower piston and two strokes of the upper piston. The ac- 
companying diagram, Fig. 6, of piston motions illustrates most 
effectively the resultant operation. It is obvious that the pistons 
in the ‘‘intake’”’ inner dead center must be separated by only the 
minimum possible physical clearance, and at the “injection” 
dead center by the required combustion space. Thus only cool 
and undiluted air will fill the cylinder at the end of the intake 
stroke, the cylinder volume in the lower dead center being in 
excess of piston displacement by one half of the combustion-space 
volume. It will then be compressed in the normal manner on the 
upstroke of the two pistons, the fuel will be injected at or near 
the dead center, followed by the expansion or power stroke down 
to the bottom dead center of the lower piston. Asin every normal 
four-cycle engine, the exhaust valve is then opened and the gases 
of combustion are to be “transferred” by displacement. In a 
normal engine exhausting into the atmosphere, their energy con- 
tent would be lost and wasted. Furthermore,*the gases filling 
the clearance space normally remain in the cylinder and thus 
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not only is their heat energy wasted but they also dilute and 
reduce the incoming air charge by heating it. By ‘transfer’ 
to the low-pressure turbine of a turbocharger, for instance, all of 
this energy can be recovered in the form of compressed charging 
air. 

The new engine differs from others by this ability to displace 
all of the gases of combustion out of the cylinder. Furthermore, 
by properly designing the turbine nozzles and the exhaust duct 
between the cylinder and the turbine, the pressure of exhausting 
gases can be maintained and a very much greater part of the heat 
energy of these gases can be converted into mechanical energy of 
the turbine shaft, thereby raising the weight and the density or 
pressure of the air charge, with consequent increase in net output 
and improvement in thermal efficiency or fuel consumption. 

This is one way of materializing the energy now going to waste 
in the exhaust gases of internal-combustion engines. Is it prac- 
tically attractive? Or is there a better way? 


E. F. Osrert.8 The authors have emphasized that either an 
ideal turbine or an ideal complete-expansion engine will deliver 
the same ideal amount of work when the working fluid is the ex- 
haust gas from a reciprocating piston engine. The authors show 
that their first equation, for the complete expansion engine, gives 
the same answer as their fourth equation, for the ideal exhaust 
turbine. This proof (and the necessity for such a proof is debata- 
ble because the end result appears to be self-evident) is not 
too satisfying because their fourth equation must be solved by 
graphical integration. A more elegant solution is available by 
defining a slightly different thermodynamic system. Consider 
that their fourth equation arises from analysis of a nonsteady 
flow system, which consists of a turbine with flow from the 
cylinder into the turbine and from the turbine into the atmos- 
phere. Applying the ‘“‘first law” to each element of fluid which 
flows reversibly through the adiabatic turbine (which is the 
system) 


1 1 
j= i, (h, —ho)dG = ih h,dG — ho(1 — Go) 
sO Go Go 


and this is the fourth equation of the paper. Suppose now that 
the system is defined as the ‘‘cylinder’ at the time of exhaust 
blowdown. For this system the decrease in internal energy is 


AU = Gouo— u Ls ieee teh nbetedsh stsheha ofcde [1] 


Now examine the fluid leaving this system, say, through a rever- 
sible nozzle 


Entow — aa aCe a Pwo T 5 See: so 


ay wae fe Y aG 


== = Gn) 12 Re eet [2] 


The change in energy indicated by Equation [1] herewith, for 
an adiabatic and reversible expansion must be equal to on of 
Equation [2] but of opposite sign 


(1 — Go)ho + KErey = u — Gouo 


Since the work to be obtained from this flow must come from 
conversion of the kinetic energy 


Wee Lu — Goto — @ ex: Go)hols =C 


Equation [3], unlike the author’s fourth equation, is quite easily 
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solved (and of course Hquation [3] reduces directly to t 
author’s first equation, because Gp = v/v). 

It is well to remark that the foregoing equations (and most ¢ 
the author’s equations) are not limited to perfect gases and len| 
themselves to more exact solutions when using combustion char 
such as the Hottel charts. 


A. R. Rocowsx1.2 The authors of this paper have introduce 
a valuable concept. The fact that an ideal blowdown turbi 
will convert into work the same amount of energy that the idea 
engine would, if both expansions were carried to ambient pres 
sure, gives the engineer a most useful criterion for comparison 
actual exhaust-turbine performance. 

Since the authors are considering ideal cases, and since, in fact 
the authors’ expression for w, is strictly true only if v = u, it 
suggested that the exhaust release be assumed to take place a 
bottom center. Then the ideal efficiency of the blowdown proces 
will be 


We 


(u aii uw) (1 = Go) 


| 


From a practical standpoint, early exhaust release will resul 
in loss of reciprocating-engine work which is chargeable agains: 
the turbine. The values of 7 and p may be calculated easily f 
the theoretical engine cycle, but are much more difficult to esti 
mate for an actual engine. This is another argument for usin: 
the foregoing concept, mainly as a simple criterion for coueoal 
of actual turbine performance. 

A simple proof that the exhaust energy recovered by an ide 
blowdown turbine is equal to 


= (h — ho) — A (p — polo 


may be obtained by considering the engine cylinder and turbin 
as an ‘‘open system.”’ 

Starting with the energy present per pound of gas in th 
cylinder at point (4) as wu, then during the blowdown process th 
system will lose (1 — Go) pounds which leaves the system, carry; 
ing with it (1 — Go)wo Btu of internal energy. The flow work re 
quired to force it out of the system will be 


Apo (1 == Go)v0 | 


The system will lose turbine work w,, and will gain piston wor 
during the exhaust stroke of 


Apo (v1 — %) 


At the end of blowdown, there will remain Gp Ib in the cylinder 

the thermodynamic condition of which will be the same as the 

turbine exhaust, since all the gases have expanded isentropicall 

from p to po. The energy left in the cylinder will be Gouo. 
Noting that Go = v/v) and v = v1, we may write 


G) Uo 


u—w,—(1 


Apo (1 — Go)vo + Apo(vi — Goo) = 


From which, combining terms 


w, = u+ Apy— Apv + Apw: — (1 


or 


Go)ho GoA powo ao Gouo| 


9 Associate Professor of Aeronautical Engineering, Massachusett 
Institute of Technology, Cambridge, Mass. 


SCHWEITZER, TSU—ENERGY IN THE ENGINE EXHAUST 


WwW, = h — Av (p = Po) Is qd ara Go)ho = Goho 
Therefore 
w= h—h— A (p— pov = wv, 
QED. 
A similar analysis may be made for the case of an internal- 
s*ombustion engine discharging its exhaust gas into a receiver held 


sontinuously at ps pressure. From the receiver, the exhaust gases 
low through the turbine, expanding to po pressure. In this case 


Direc =h 


Flow through the turbine = (1 — G) lb per lb of gas in the 
mngine cycle 


“. turbine work per lb gas in cycle = (1 — G)(h — ho) 


The extra pumping work required of the engine to force the gas 
nto the receiver is 


Aas bs) (i= pi) 


n this case 
1 

= - and pi = po 
r 


Pumping work = A (v — Gw) (p — po) 
= A (1 — G)(p — po) v 


The net turbine work per lb of gas in the engine cycle will thus 
ye 


(1 — Go) [(h — ho) 


A (p — po) »] 


Baws [(h — ho) — A (p — po) 2] =u, 


Henry Scureck.! When presenting this paper, the authors 
eemed to limit their work to a blowdown process of a mass of 
‘as out of a container through a nozzle down to atmosphere. 
[he example used in the paper is for the exhaust of a gasoline 
mgine, but reference is also made to the exhaust of Diesel engines 
vhich, therefore, are included in this treatise. Now then, in the 
ase of a gasoline engine, say, an aircraft engine, there is an 
\bundance of heat left in the outgoing exhaust, which is not true 
n the case of the Diesel engine, for which an actual example and 
ts solution might be in place in the authors’ closure. 

A few years ago one of our leading locomotive builders entered 
nto a contract with a well-known builder of supercharger exhaust 
urbines for airplane engines. The contract came about on the 
yasis of an outstanding success of the latter in developing the 
ame system for a new supercharged high-speed locomotive 
Jiesel, using a liberal-sized exhaust manifold and the blowdown 
nethod as the authors call it. On the Diesel engine this system 
urned out to be a miserable failure because the turbine did not 
ave sufficient output to meet the requirements for the desired 
upercharging. The condition was turned into success by sub- 
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stituting the larger exhaust manifold with small individual pipes 
from each cylinder, thereby utilizing the heat mass plus the ki- 
netic energy of the gases as they leave the cylinders. 

It would be interesting to have somebody, maybe the authors, 
work out the actual conditions with which the engineer is con- 
fronted when determining the exhaust-power utilization of an 
actual Diesel engine. 


H. W. Wersu."! In view of the current widespread interest 
in compound reciprocating engines, this paper is timely indeed. 
Theoretical studies of this nature are frequently quite valuable 
in analyzing the potentialities of various proposed designs. The 
chart presented in Fig. 3 of the paper is quite general since it 
can be applied to theoretical Diesel and Otto-cycle engines 
equally well. 

However, the fact that Fig. 3 is based on the temperature and 
pressure at the time of release makes it extremely difficult to use 


300 


250 


2) 10 15 20 25 
PRESSURE RATIO P, / Py 
' 
Fic. 7 ConvEeRTIBLE BLOowpDOWN ENERGY C9HC SINGLE-CYLINDER 
Test Data 
(Data taken at sea level; 2500 rpm; 0.080 F/A; 4.552 in.? nozzle.) 


for practical applications. Also, since the exhaust energy came 
from another cycle, the writer cannot help but wonder what is 
the relation between the work of the basic cycle and the con- 
vertible energy of the exhaust. 

Unfortunately, the authors have not presented test data show- 
ing the degree of correlation between theory and actual perform- 
ance. For that reason, the writer takes the liberty of presenting 
some data obtained by his company. The tests were run to 
determine the actual convertible energy in the blowdown from 
cylinder to exhaust pressure. 

The data, expressed as a function of theoretical cycle release to 
exhaust pressure ratio, are compared to the authors’ calculations 
in Fig. 7 herewith. Although there is considerable agreement 
with regard to the slope of the curve, the recovery is only about 
35 per cent of that predicted from Fig. 3. The large difference is 
indicative of the losses inherent in exhaust power-recovery sys- 
tems. The losses cover almost every conceivable form, including 
shock, friction, and heat transfer. 

Owing to the magnitude of the losses, it is apparent that actual 
test data must be used for all power-recovery applications and, 
while the chart in Fig. 3 is very interesting from the theoretical 
standpoint, it should not be considered a short cut to evaluating 
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the energy actually available. The reader is referred to three 
papers which discuss the amount of available energy in the 
exhaust. !? 

In terms of engine performance, test data show that the blow- 
down energy (convertible energy in this paper) varies from 30 to 
more than 50 per cent of the brake output of typical aircraft 
engines. When this energy is converted to useful work in a tur- 
bine, geared to the engine, the engine power output can be in- 
creased to 15 to 25 per cent at no increase in fuel consumption. 
Although performance data are restricted, it may be of interest 
to note that the writer’s company is now producing a true com- 
pound engine utilizing the blowdown energy. Pictures of the 
engine appeared in newspapers and trade magazines a few months 
ago. 

AvuTHORS’ CLOSURE 


The authors wish to express their sincere appreciation for the 
enthusiasm and co-operation of those who participated in the 
discussion, which is rather thought-provoking and adds much 
value to the paper. 

Prof. Israel Katz described an interesting compound power 
plant for aircraft propulsion in which a two-stroke cycle engine is 
used as a “topping unit.’’ The compounding of two-stroke cycle 
engines has been a relatively neglected subject in this country, 
but it does seem to present interesting possibilities. 

Mr. E. C. Magdeburger described an intriguing engine which, 
it is understood, was to be used to create direct thrust on the 
water (jet effect) when the exhaust is discharged through a sub- 
merged nozzle. To this.end the engine is to make use of three 
unusual features, i.e., (1) pushing out the residual gas from the 
clearance volume, (2) recovering blowdown energy, and (3) 
creating a back pressure in the exhaust at the expense of the piston 
work, utilizing that, too, to increase the thrust. 

For an ordinary engine an elevated back pressure has a very 
detrimental effect upon its volumetric efficiency. If a “‘back- 
pressure engine,” such as described by Mr. Magdeburger, were 
used, then the volumetric efficiency would be almost independent 
of the exhaust pressure. Such an engine, although requiring un- 
usual valve arrangement, may be attrhctive for certain applica- 
tions. 

Profs. E. F. Obert and A. R, Rogowski offered proofs of the 
equation for convertible blowdown energy. The former’s proof 
applies to two-stroke cycle engines, and the latter’s to four-stroke 
cycle engines. The final result is the same in both cases. 

The authors had obtained similar proofs but for brevity they 
were not included in the paper. However, the authors are glad 
that their omission has been ably filled by Professors Obert and 
Rogowski. 


12 “Tyesign of Nozzles for the Individual Cylinder Exhaust Jet Pro- 
pulsion System,’’ by B. Pinkel, L. R. Turner, and F. Voss, NACA 
ACR April, 1941 (Wartime Report E-83). 

“Performance of an Exhaust-Gas ‘Blowdown’ Turbine on a Nine 
Cylinder Radial Engine,” by L. R. Turner and L. G. Desmon, NACA 
ACR E4K30 December, 1944 (Wartime Report H-30). 

“Engine Compounding for Power and Efficiency,’’ by E. F. Price 
and H. W. Welsh, SAE Transactions, vol. 2, April, 1948, pp. 316-328 
and 344. 
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The authors agree with Professor Obert that most of the eq 
tions in the paper are not limited to perfect gases. They can) 
used for solutions involving combustion products such as 
done in obtaining Fig. 4. 

Professor Rogowski introduced an expression for the “ 
efficiency of the blowdown Dea His expression is not cle 
to the authors. The efficiency of a “‘process’’ is difficult to defil 
For practical purposes, Professor Rogowski’s u and w are at le; 
as difficult to evaluate as the authors’ 7 and p for an acti 
engine. 

Professor Rogowski presented an interesting scheme in whi 
an engine exhausts into a receiver where the pressure is k¢ 
constant at ps. This scheme is theoretically very attractive { 
also involves certain limitations. Primarily, it is applicable o 
to four-stroke cycle engines where one piston stroke is availa) 
for pushing the exhaust gases out of the cylinder against ps p il 
sure. Then, owing to the necessity of maintaining the exhat} 
back pressure at ps, which is much higher than the intake pressuf 
~1, any low or medium compression-rate engine is out of ‘ 
question. Unless a high-compression-ratio engine or some spec 
engine, such as described by Mr. E. C. Magdeburger is used, ¢ 
volumetric efficiency will be intolerably poor. | 

Assuming an ideal Diesel cycle with a compression ratio )f 
20:1, a fuel/air ratio of 0.045, and initial conditions of 14.7 pi 
and 560 R, the air-cycle efficiency is 54.6 per cent, and the the 
retical mean effective pressure is 188 psi. Based upon Profess 
Rogowski’s scheme, the efficiency is raised to 61.7 per cent, aj 
the mean effective pressure to 212 psi (referred to engine di 
placement). This shows a theoretical net gain of 13 per centiff 
power and economy. This is paid for by the addition of a turbil} 
and its controls. 

In reply to Mr. Henry Schreck, it may be pointed out th 
Fig. 3 of the paper is equally applicable to gasoline engines aif 
Diesel engines. A typical Diesel blowdown with 60 per cent 4} 
cess air involves 50 psia release pressure and 1000 F release tej} 
perature, which results in a convertible blowdown energy of |} 


Btu. One pound of cylinder gas contained 19,000/23.2 — 
820 Btu. The recovered energy is therefore approximately 4 pf 
cent. Mr. Schreck also touched upon the question of exha 


manifolding. Although the authors are carrying on a very pro} 
ising experimental research on this subject, the test results af 
not yet released for publication. 

Mr. H. W. Welsh’s information is a welcome addition to 
paper. While the authors agree with Mr. Welsh that actual tes} 
must be resorted to for exhaust-energy recovery applications, i) 
fact that the actual recovery is only 35 per cent of that predic | 
from Fig. 3 indicates that the art of designing exhaust-blowdoy 
turbines is still in its infancy. As Mr. Welsh correctly poirif 
out, the losses in a blowdown turbine cover almost every cal 
ceivable form, such as shock, friction, and heat loss. A blowdoy | 
turbine also has to negotiate widely varying blade-to-jet spel 
ratios. It is hoped that concerted research will improve st | 
stantially the efficiency of present-day exhaust-blowdown t 
bines. 


Operating Experiences in Connection With 
Regenerative Reheat-Turbine Installations 


By C. A. ROBERTSON,! MILWAUKEE, WIS. 


This paper relates to the performance and design of re- 
generative reheat steam turbines, particularly several large 
1800-rpm tandem-compound generating units. The au- 
thor, who has been associated with field work and design 
of both these and marine types, discusses installations in 
the stations of two power companies. A description of 
these units, together with their respective reheat systems 
and protective equipment, is given, and many details of 
design and operation are discussed. The paper covers 
experiences for a period of 18 years, and also considerations 
relating to units now being installed or under construc- 
tion. 


INTRODUCTION 


; ENEWED interest in the reheat cycle for large steam tur- 
Rite can be based not only on the inherent increase in 

thermal economy obtainable but also on the equivalent 
flexible performance between reheat and nonreheat units, as 
indicated by the 18-year operating experience of one large tur- 
bine manufacturer. Operating records of these regenerative 
reheat steam turbines have included base load and varying load 
operation, together with frequent start-up and shutdown per- 
formance. Protective equipment in the reheat lines has func- 
tioned reliably and the modifications which have been made 
relate more or less to details of design. 

The earlier regenerative reheat units have been in operation 
forsome 18 years. These are supplied by steam generated from a 
bank of boilers and a separate reheat boiler. Protective equip- 
ment in the reheat lines consists of intercepting and steam-un- 
loading valves. These units have performed comparably with 
nonreheat units located in the same station. 

An 80,000-kw unit of later design in another station, supplied 
from a single boiler with a resuperheating section, has set the 
highest standard of performance in the industry. Subsequent 
80,000-kw reheat units in this station are in operation, being in- 
stalled, or under construction. 

Initial objections to the wide use of the reheat cycle for large 
turbines were based on a reluctance to increase the unit invest- 
ment for reheat unless it enabled a reduction of exhaust moisture 
to below 12 per cent. At some higher steam pressures, reheat 
was the best answer to high exhaust blade erosion by moisture. 

Today the reheat cycle enables an inherent gain in the thermal 
economy of large turbines which is variously estimated at from 4 
to 6 per cent.2 In view of greatly increased fuel costs, an in- 
dividual analysis of investment in each specific case often com- 
pletely justifies its use. 

This paper discusses factually the important features of the 


1 Bngineer in Charge, Test and Engineering Calculations Group, 
Steam Turbine Department, Allis-Chalmers Manufacturing Com- 
pany. Mem. ASME. 

2 “ich Fuel Costs Revive Reheating,’’ by C. W. Bloedorn, Power, 
vol. 92, August, 1948, pp. 485-487. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 28—December 3, 1948, of Tux 
AMERICAN SociETY oF MucHanicAL ENGINEERS. 

Norge: Statements and opinions advanced in papers are to be un- 
lerstood as individual expressions of their authors and not those of the 
Society. Paper No. 48—A-91. 


operation of reheat turbines and should reduce further any re- 
maining objections to application of the cycle. 


DESCRIPTION OF UNITS 


The large steam turbines, which constitute the subject matter of 
this paper, are essentially similar in basic design and characterize 
the entire regenerative reheat-turbine design practice of this 
turbine manufacturer since installation of its initial reheat unit 
in 1930. This basic similarity lies in the use of a single-flow 
high-pressure reaction element and a low-pressure double-flow 
reaction element both coupled in tandem to an 1800-rpm gen- 
erator. While recent construction involves impulse-reaction 
types, the four units in operation are reaction. ‘lhe reheat belt 
in each case is in the middle of the high-pressure cylinder with a 
diaphragm between the outlet to and the inlet from the reheater. 

Because of the presence of a large volume of steam in the reheat 
lines and reheater, protective devices for the reheat call for in- 
tercepting valves or the equivalent in the reheat lines. These 
intercepting valves are under control of the main speed governor 
and are arranged to close if the speed of the unit increases to ap- 
proximately 3 or 4 per cent above normal. This arrangement has 
proved entirely satisfactory without causing undue complication 
of the governor gear. 

Four turbines now in operation are discussed: 65,000-kw and 
115,000-kw units in station A installed in 1930 and 1931, and two 
80,000-kw units in station B installed in 1935 and 1943. Two 
additional units of 80,000-kw capacity which are under construc- 
tion or being installed for station B are illustrated in section in 
Fig. 1. The earlier 80,000-kw units are illustrated in Fig. 2. 

The additional units are designed for slightly higher steam 
conditions. The design of these is somewhat modified in that 
they are of the impulse-reaction type, and the low-pressure ele- 
ment is designed for 29!/. in. Hg vacuum. 

Each station A unit is supplied from banks of boilers plus a re- 
heat boiler. Steam conditions are, respectively, 650 psig, 750 F, 
reheat at 750 F; and 650 psig, 750 F, reheat at 750 F. Both 
operate condensing at 1 in. Hg exhaust pressure. Four stages 
of regenerative feedwater heaters are used for each turbine. 

Station B units have single boilers with resuperheating sec 
tions, and steam conditions are, respectively, 1230 psig, 825 F 
with reheat at 825 F; and 1290 psig, 850 F with reheat at 850 F. 
Five stages of regenerative feedwater heaters serve each unit. 

The design of all these reheat turbines was based on the con- 
sideration that the division of pressure at the exhaust of the high 
and the inlet to the low-pressure elements would be at approxi- 
mately 20 psia, or nearly atmospheric pressure. The reheat 
stage was to be located in the high-pressure cylinder. 

Construction of the high-pressure cylinder involves the use of a 
diaphragm separating the high- and low-temperature reheat 
steam and requires large extraction belts or passages, together 
with the fact that the high-temperature steam is located adjacent 
to the low-temperature steam. However, experience with this 
construction over a period of years has indicated the reliability 
of this type of design. 

Large extraction belts for reheat steam and large reheat pipe 
connections have resulted in substantially no more difficulties 
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than those offered by applying the regeneration extraction cycle 
to the turbines. 

Differential expansions between the parts of the turbine rotor 
and cylinder resulting from the introduction of reheat within the 
cylinder have given no cause for concern, nor have they required 
any major design considerations not consistent with ordinary 
condensing-turbine design practice. 

The magnitudes of these differential expansions as affecting the 
radial clearances were no more than in a straight condensing 
unit. The radial clearances of the blading were those for stand- 
ard nonreheat design of similar size, and periodic inspections have 
indicated that these clearances have been maintained. 

Axial differential movements of parts of the turbine rotors 
relative to the cylinder, especially those in the exhaust end, or 
reheat section, never gave the designer serious difficulties. The 
larger movements occurred only during starting periods, and 
these were provided for in the original design. 

This type of construction of having the reheat belt in the center 
of the high-pressure cylinder has several advantages, as follows: 


1 It maintains the conventional straight condensing form ¢ 
cylinder design characterized by unidirectional flow, and t 
maintenance of small diameter in the high-pressure hitompen 
ture region and gradually increasing diameter toward the low 
pressure end of the turbine. 

2 The leakage losses through the diaphragm are maintaines 
relatively low because the pressure drop across the diaphragm i 
small, amounting to the pressure loss of the reheater and co 
necting pipe and valves. 

3 With approximately atmospheric pressure at either end 
the casing, the shaft-packing problem is comparatively simple. 


DeEsIGN OF CONTROLS 


For ordinary condensing turbines, speed-governor control o 
main inlet valves, and an overspeed governor operating to clos 
the throttle valve, together with check valves on extraction line: 
to feedwater heaters, are sufficient to prevent excessive overspeed. 
ing of turbine in case of sudden loss of load. 

With reheat units, however, the large volume of steam store 
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in the reheat piping and steam space of the reheater has an enor- 
mous potential energy which is not controlled by the main inlet 
valves. Therefore it is necessary to provide some form of re- 
heat protective equipment, such as intercepting valves and un- 
loading valves, in the reheat lines; and for these steam turbines 
these valves are under control of the speed governor. 

The intercepting valves, Fig. 5, and also Fig. 3, items (4) and 
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Governor-operated control valves 

Reheat intercepting valve, oil-operated by governor 
Reheat intercepting valve, oil-operated by governor 
Reheater by-pass valve manually operated 
Reheater drain valve to condenser 
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(5), are wide open at normal speed, and begin to close at a prede- 
termined overspeed of about 11/2 cycles above normal frequency, 
or 1850 rpm. 

The closing time of these valves is faster than that indicated 
on the tests of earlier units (see Fig. 17), designed for lower steam 
conditions, which required greater valve travel. 

The unloading tests reported in this paper show that, in order 
to limit the overspeed rise, the essential idea is to start these 
valves closing very soon after the tripping off of the load and not 
wait until the speed rises to actuate the overspeed governor or 
mechanism. 

As mentioned, the reheat protective valves are set to operate at 
11/, cycles above normal frequency. This setting, based on ex- 
perience, appears to be quite satisfactory as most line-frequency 
variations are well below this value. 

Should the line frequency for a very brief interval increase to 
this value, or slightly higher, there may be a slight movement of 
the valves; however, as the interval is usually short, the valves 
are restored to normal setting. 

On the more recent installations, the intercepting valves have 
a definite partially closed position for overspeeds between 3 and 5 
per cent above normal frequency. 

Should the frequency rise as a result of line disturbance to, 
say, 21/2 cycles above normal, the valves would only close to a 
fixed position and remain there instead of closing entirely. After 
the frequency drops, the valves again open. 

In addition to the intercepting valves, a steam-unloading 
valve, Fig. 6, is also provided, which under normal load operation 
is closed and steamtight. This valve, however, following a load 
trip-out, opens by the action of the speed governor slightly after 
the intercepting valves begin to close. This valve relieves the 
steam in the reheat line at a point between the intercepting valve 

-and the turbine, and by-passes it to the condenser, see Fig. 3, 
item (8). ; 

The purpose of this valve is to reduce the stage pressure at the 
reheat inlet and also to keep this pressure near condenser value so 


that very little steam flows through the turbine blading between 
reheat and low-pressure exhaust, thereby reducing to an absolute 
minimum the possibility of turbine-speed acceleration due to 
leakage steam or residual steam. 

On the units in station A, the reheat control consists of a single 
intercepting valve with two steam-unloading valves, Fig. 15, 
items (6) and (7), respectively. All three are oil-operated and 
are under governor control. They function ata predetermined 
overspeed of approximately 1850 rpm. This arrangement has 
proved quite successful, based upon unloading tests, and under 
actual emergency conditions. 

In the later station B, the units which are at present operating 
are equipped with two intercepting valves, Fig. 3, one in each re- 
heat line to and from the boiler, together with an unloading valve, 
thereby isolating the turbine from the storage volume of steam in 
the reheat system on the boiler side of the intercepting valves. 

These are oil-operated and are under governor control. They 
function at a predetermined overspeed of approximately 1850 
rpm. Emergency trip-out has demonstrated satisfactory per- 
formance. 


PROTECTIVE HQuipMENT ror New UNITS ror Station B 


For the new units under construction for station B, Fig. 3 
illustrates schematically the arrangement of the reheat cycle, 
including the boiler and turbine. The arrangement of the govern- 
ing system, including the reheat control, is shown in Fig. 4. 

The general idea involved in this protective equipment is the 
same as that on the two units now operating. The operation 
of the intercepting valves is the same in this respect, that the 
valves are spring-loaded for closing and that they are opened and 
held by relay oil pressure. The essential differences are in the 
matter of details. The arrangement also includes a steam-un- 
loading valve tapped into the return line from the reheater be- 
tween the intercepting valve and the turbine. 

Figs. 5 and 6 are included for the purpose of illustrating the 
type of valves for intercepting and unloading, respectively. 

In this plant, with the unit arrangement of one boiler per tur- 
bine which is so well suited to the use of reheat, Fig. 3 shows 
schematically the arrangement of the reheat cycle, including 
boiler and turbine. 

In the design of the protective equipment for a unit arrange- 
ment of one boiler per turbine, there are a few general ideas which 
are worth mentioning: 


1 Fundamentally, the protective equipment in a plant, with a 
unit arrangement of one boiler per turbine, should be interrelated 
with respect to both boiler and turbine. 

2 Turbine overspeed, which may be almost as destructive as 
a boiler explosion, seems properly the principal concern when 
designing and preparing operating instructions for a reheat unit. 

3 Protecting the turbine transcends by far the need for pro- 
tecting the reheater and superheater upon loss of load. 

4 Following load trip-out, obviously the fuel feed in the boiler 
must be stopped very promptly. 

5 Referring to the unloading tests which are described in this 
paper, leakage of steam into the turbine during overspeeding 
following load trip-out, is undesirable from the standpoint of 
holding the maximum overspeed within safe limits. 

6 Modern large steam-turbine units, equipped with hydro- 
gen-generator-cooling, have a no-load resistance that is extremely 
low; therefore relatively small quantities of steam in the neigh- 
borhood of 10,000 lb per hr, or 1 or 2 per cent of full-load flow 
can cause undesirable overspeeding. 

7 The reheater and its lines can be drained to the condenser, 
thus obviating the need of throttling intercepting valve No. 5 to 
remove condenser vacuum from the reheater system. Besides, 


676 


THROTTLE VALVE TRIP SYNCHRONIZER 
CYLINDER CONTROL VALVE a | RELAY CYLINDER 


| 


IDI 


TRANSACTIONS OF THE ASME AUGUST, 19 


Tee foe AY OPERATING GEAR 


eS 


CONNECTION TO THROTTLE 
TRIP_ MECHANISM 


aya 


D 

U Tih 

lle CS NG CYLINDER aoe Bes 
call Fd a 
eeeeas | ee 


DRAIN —— 


TRIPS NOID 
HAND TRIP ,, ' ONTROL PRESSURE 


DAT ts 


SUPPLY 


OWL TANK 


Fie. 5 Or-Conrrouurp INteRcEPTING VALVE 


ral at 
salt 


= 
a Te ayes 


%) INTERCEPTING VALVE *2 INTERCEPTING VALVE 


Fie. 4 ARRANGEMENT OF GOVERNING SysTEM INCLUDING REHEAT CONTROL IN STATION B 


TO 


CONDENSER CONDENSER 


Fic. 6 O1n-Controtiuep UNLoApING VALVE 


ROBERTSON—OPERATING EXPERIENCES WITH REGENERATIVE REHEAT-TURBINE INSTALLATIONS 677 


drains to the condenser never cause turbine overspeeding. If 
the reheater and its lines are not drained to the condenser, but 
drained to the atmosphere, then, in order to prevent air getting 
into the reheat lines during starting periods, intercepting valve 
No. 5 must be throttled to hold the pressure in the lines and re- 
heater to a value higher than atmospheric, say, 5 to 10 psig. 
The intercepting valve, item (4), Fig. 3, is designed to act as a 
relief valve in case the pressure in the high-pressure cylinder 
should increase too greatly. For instance, at any time this in- 
tercepting valve should be in a closed position, and the inlet 
valves or throttle valves should allow steam to pass into the 
cylinder, the steam pressure would not rise to boiler pressure, but 
valve No. 4 would act as a relief valve and relieve the steam 
pressure within the cylinder to the reheat system. 


INTERRELATIONSHIP OF REHEATER AND TURBINE IN PLANT 
Wits Unit ARRANGEMENT OF OnE BoILEeR PER TURBINE 


Referring to Fig. 3, a schematic arrangement of a reheat cycle 
including boiler and turbine, some designs provide a means of 
protecting the reheater upon loss of load during accidental trip- 
out of the unit by a manually operated reheater by-pass valve, 
and often an emergency pressure-reducing valve at the location 
of item (6), which may be set to open when the flow to the high- 
pressure turbine is stopped by either the throttle or governing 
inlet valves (2) or (8) being closed. 

Consider the case where an emergency pressure-reducing valve 
is installed in parallel to valve (6), and upon loss of load this 
emergency valve opens following the closing of valves (2) and 
(3). 

The intercepting valves (4) and (5) will close, bottling up the 
steam in the reheater and connected piping. The result of flow, 
therefore, through the emergency pressure-reducing valve located 
at (6) would build up the reheat pressure to a point where the 
reheater safety valves would open. 

This would aggravate the condition should any leakage occur 
through the intercepting valves (4) and (5) with regard to turbine 
overspeeding, because the reheater pressure would be higher. 
Lowering of the reheat pressure would be more desirable. 

As an alternative solution, drain valve (7), connected to the re- 
heater, could possibly be profitably opened to help guard against 
leakage of either intercepting valves (4) and (5). 

It seems that the proper location for an automatic emergency 
reducing valve would be in parallel with drain valve (7). The 
steam in the reheater and reheater piping would then be relieved 
to the condenser, producing cooling circulation in the reheater. 

Consider the arrangement in this station. The volume of 
steam in the reheat piping between intercepting valves and re- 
heater amounts to almost 4 times the volume in the reheater. 
One half of this volume is in the reheater piping between inter- 
cepting valve (4) and reheater. This relatively cool steam in this 
pipe is the quantity that would produce circulation and cooling 
of the reheater should valve (7) be opened. * 

Hand operation of valve (6) would be less dangerous than auto- 
matic operation. However, the turbine operator only should 
direct its opening and only when the turbine speed is held well 
below normal. 

In so far as the superheater element is concerned, upon loss of 
load, steam flow through superheater will be provided by super- 
heater safety valves. 

Based upon the experiences in this station it can be stated that, 
obviously, fuel feed must be stopped very promptly upon loss of 
load. Instantaneously with its discontinuance, there need be no 
concern of superheater or reheater tubes overheating. These 
relatively heavy tubes have entirely adequate heat capacity for 
the few seconds elapsing between shutting of the turbine valves 
and stopping of fuel feed. 


Sometimes it seems apparent that too much attention has been 
devoted to superheater and reheater cooling and too little to 
turbine-overspeeding safety. 

There seems a real basis for manufacturers and users both in- 
suring that never are any high-pressure lines so connected that 
their discharge steam can pass through any turbine blading dur- 
ing emergency conditions. The turbine throttle and inlet valves 
upon closing must not be by-passed in any conceivable manner. 


Unit Borer per Tursine InstaLLAtTion Wits Specrat Tyee 
or REHEAT CONTROL 


A special arrangement of reheat protective valves, shown’ 
schematically in Fig. 7, has been suggested to the author. 

The difference between this type of protective equipment and 
that shown in Fig. 3 is the elimination of the intercepting valves 
from the reheat lines, and the substitution of very large steam- 
unloading valves connected between the reheat line and the con- 
denser, as indicated in Fig. 7, items (4) and (5). The control of 
these valves would be substantially the same as that described 
and indicated in Figs. 3 and 4. These valves would begin to 
open at about 2 and 3 per cent overspeed and would be wide open 
between 4 and 5 per cent overspeed. 


Y SUPERHEATER 
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Superheater drain valve to condenser 
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Governor-operated control valves 

Steam-unloading valve between reheat and condenser 
Steam-unloading valve between reheat and condenser 
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The effectiveness of this type of reheat protective equipment 
would be in the speed at which the steam in the reheater system 
could be discharged into the condenser, in relationship to the no- 
load resistance offered by the unit under consideration, or com- 
monly referred to as the WR?, or mechanical inertia of the rotating 
elements. 

Regenerative reheat steam-turbine units of the 1800-rpm type, 
designed for high steam pressures and high vacuum, which means 
high mechanical inertia in the rotative parts, together with rela- 
tively small volume in the reheater system due to the high 
density of the steam, would be better adapted to this type of con- 
trol than would steam-turbine units designed for higher speed and 
smaller mechanical inertia. 

Applying this arrangement of large-capacity steam-unloading 
valves as the sole protective equipment in the reheat system, to 
1800-rpm, 80,000-kw, tandem-compound, regenerative reheat 
steam-turbine units, the resulting maximum overspeed upon 
tripping or loss of load would appear to be well within the desired 
safe limits. 

These unloading valves would be under control of the main 
speed governor and would relieve the stored reheat-system steam 
directly to the condenser. 
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Jn station B the volume of the reheat system is about 1250 
cu ft. At full load, the reheat pressure is about 385 psia and 
corresponds to about 750 lb of steam. 

Following the trip-out and during the period when the steam- 
unloading valves are open, the division of steam through the tur- 
bine blading, after the reheat diaphragm, is approximately 17 
to 20 per cent, the difference being by-passed through the un- 
loading valves to the condenser. 

The rate of steam flow to the condenser for a brief interval of 
time may be as high as 3 times normal full-load steam flow, re- 
sulting in a drop in vacuum of the order of 6 or 7 in. 

The 1800-rpm type of steam-turbine generator units discussed 
in this paper have the higher order of mechanical inertia. 

The stored energy in the reheat system is the same for both 
1800 and 3600-rpm units of equal capacity. 

With the same kinetic energy in either case, and the protective 
equipment requiring the same interval of time for operation, the 
resulting overspeed for the 3600-rpm type would be somewhat of 
the order of twice as high in percentage as for the 1800-rpm type. 

In other words, the 3600-rpm type of unit would require the 
protective equipment to function in about one half the time in- 
terval of that for the 1800-rpm type of units in order to maintain 
the same percentage of overspeed. 

As an added protective feature, it might well be mentioned 
that the units in both stations A and B have an electrical trip- 
ping mechanism which trips the throttle valve and the reheat 
protective equipment immediately upon the opening of the main 
generator circuit breaker in emergencies. In this type of trip, 
the reheat protective equipment operates immediately and does 
not wait for a speed rise to initiate its operation by means of the 
speed governor. 


LIMITATIONS OF PROTECTIVE EQUIPMENT CONSISTING OF 
INTERCEPTING VALVES 


In the following discussion the conventional type of reheat 
protection by means of two intercepting valves and one steam- 
unloading valve is compared with a proposed arrangement of 
protective equipment requiring only two unloading valves. 


1 Intercepting valves do not become effective in the closing 
direction until the valves are almost closed. 

2 Intercepting valves introduce pressure drops in the reheat 
line, thus decreasing the total available energy and increasing 
the heat consumption of the unit. 

3 Fouling of the intercepting valve (for instance, foreign 
metal or particles underneath the seat) would cause the valve 
to be open partially and leak, thus creating a condition for ex- 
cessive overspeed upon loss of load. 

4 Where intercepting valves are used, reheat safety valves are 
necessary in the reheat lines to protect the reheat system follow- 
ing the period of emergency unloading when the intercepting 
valves are closed. 


Revative ADVANTAGES OF A System Usine Onty Laran 
UNLOADING VALVES 


1 Steam-unloading valves become effective as soon as they 
start to lift off the seats. 


2 Unloading valves do not introduce a pressure drop i in the re- 
heat system. 


3 Fouling of the unloading valves (for instance, foreign metal 
or particles underneath the seat) would cause the valve to be par- 
tially open and leak. However, this would not create a condition 
that would result in excessive overspeeding upon loss of load. 
Of course, however, a valve of this type, if it leaks, would require 
immediate maintenance to eliminate loss of economy. 
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4 Where unloading valves are used and no intercepting S| | 
these unloading valves would open following a loss of load or tr || 
ping; therefore the present battery of reheat safety valve 
item (10), Fig. 7, together with all attendant expense, could | 
dispensed with. 


(4) and (5), Fig. 7, either one of which alone will prevent ove 
speeding, they are inherently more reliable than two intercepti 
valves and one steam-unloading valve. Like dual throttle valve 
failure of either of the two intercepting valves creates a hazard. | 

6 An objection to installation of steam-unloading valves di : 


auxiliary supply at the same time as the main unit trip-out. If 
this case the circulating-water pumps would stop, resulting pof 
sibly in sudden loss of vacuum. 


TRENDS IN REGENERATIVE REHEAT STEAM TURBINES 


The list of regenerative reheat steam turbines given in Table) 
presents 18 years of reheat steam-turbine experience of one tu! 
bine manufacturer. 


TABLE 1 REGENERATIVE REHEAT STEAM TURBINES I 
STALLED BY AUTHOR’S COMPANY, INDICATING TRENDS I 
STEAM CONDITIONS 


Rating, Unit 
kw 


Station no. Steam conditions installed 
65000 A 4 650 psig, 750 F, 1 in. Hg abs; 1930 
reheat to 750 F 
115000 A 5 650 psig, 750 F, 1 in. Hg abs; 1931 
reheat to 750 F 
80000 B 1 1230 psig, 825 F, 1 in. Hg abs; 1935 
reheat to 825 F 
80000 B 2 1290 psig, 850 F, 0.5 in. Hg abs; 1943 
reheat to 850 F 
80000 B 3 1290 psig, 850 F, 0.5 in. Hg abs; 1948 
reheat to 850 F 
80000 B 4 1380 psig, 900 F, 0.5 in. Hg abs; Under conf 
reheat to 900 F struction 
8000shp Marine propul- 1200 psig, 740 F, 11/2in. Hg abs; 1942 | 


sion regenera- reheat to 740 F 


tive reheat 
steam-tur- 
bine unit 


The increase in steam conditions, as shown in chronological or} 
der, illustrates the trend in the industry to obtain better heat pe l 
formance in view of rising fuel costs. 

Higher thermal efficiencies were also desired in the marine in | 
dustry, and working with the author’s company, a pioneer highij 
pressure regenerative reheat unit of 8000 shp was installed on ¢ 
cargo ship. 

The unit was of three-cylinder construction with reheat be! 
tween the high-pressure and the intermediate-pressure turbines a1] 
a pressure of 230 psig and 740 F temperature at full load. 

The high-pressure element, of the impulse type, was rated at 
8012 rpm; the intermediate-pressure element, of the impulse 
reaction type, was rated 5000 rpm; and the all-reaction low-pres 
sure element was rated at 4200 rpm. ] 
| 


Sfartina ProcepURE FOR REGENERATIVE REHEAT pee | 
TURBINE UNITS 


Over a period of many years the author’s company has investi 
gated and developed certain procedures in starting and shutting, 
down a number of its larger steam-turbine units, both reheat and 


onreheat 
The methods developed cover the starting of seating 
units for two extremes of conditions, namely, starting from cold 
or starting following a short chaciowne 

As the industry is installing more and more large units, the fre 
quent shutting down and starting of these units will be necessary. 
This will also apply to reheat units; therefore the question as to 
the comparative flexibility of reheat to nonreheat units becomes 
an important factor. 
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In view of this situation, the author is including in this paper a 
brief summary consisting of graphs and explanations relating to 
starting of reheat units and a tabulation comparing this perform- 
ance with that of nonreheat units. 

The data presented strongly indicate that the flexibility of the 
reheat units with reference to frequent starting and shutting down 
is fully suitable for modern central-station service. 

The graphs portray a procedure common to both types of units. 
- Table 2 indicates the comparison of normal starting time re- 
quired for various sizes of units ranging from 25,000 to 80,000 kw, 
three of which are nonreheat units and two are regenerative re- 
heat units. 


TABLE 2 STARTING TIME FOR SHORT SHUTDOWNS 


TOTAL TURNING DESIGN 
RATING STARTING TIME GEAR SPEED CONDITIONS 
25000 KW. 30 MINUTES YES 1800 RPM 350 PSIG-675F.-29INVAC. 
35000 Kw. 30 MINUTES YES 1800 RPM 350PSIG-675F-291N. VAC. 
50000 KW. 30 MINUTES YES 1800 RPM. 6O0OPSIG-725F-291N.VAC. 
65000 KW. 30 MINUTES YES 600 PSIG - 725 
WAGONS) er REHEAT- 29 IN.VAC 
80000 Kw. 30 MINUTES YES 1800 RPM. 1230 PSIG-850 F. 
850 F.- REHEAT -29(NVAG 
280 
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With regard to the regenerative reheat units, one was of the 
single boiler per turbine type; the other was served by a number 
of boilers interconnected. 

Fig. 8 is a graph showing the relationship between exhaust tem- 
perature and vacuum for different speeds during the starting pe- 
riod. This graph indicates the necessity of obtaining high vacuum 
during the latter part of the starting period in order to prevent ex- 
cessive exhaust temperatures. 

Fig. 9 shows two different starts for an 80,000-kw reheat unit, 
illustrating the application of the data shown in Fig. 8. 

These two starts were made on succeeding days. In the first, 
the exhaust temperature got out of control, necessitating the 
shutting down of the unit to allow the exhaust to cool. The rea- 
gon for the excessive exhaust temperature was caused by the ina- 
bility to obtain the required vacuum at the higher speeds. 

In the second start, the speed was increased more slowly, al- 
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lowing the vacuum to increase to a higher value, thus reducing 
windage losses at the exhaust blading and thereby preventing an 
excessive exhaust temperature. 

The blade-tip speed on this unit is only 930 fps. Hence it can 
be seen that, with increasing blade speeds, the necessity of ob- 
taining the required vacuum is of prime importance. 

Fig. 10 shows the normal start after a short shutdown for the 
unit in Fig. 9. It indicates that practically full vacuum is ob- 
tained by the time full speed is reached. The maximum exhaust 
temperature is slightly above 200 F. 

Fig. 11 shows the start of the same unit after a long shutdown, 
for instance, a start following a scheduled inspection . 

The unit operates on a unit system with one boiler, and the re- 
heat section integral with the boiler. In starting, the boiler and 
the turbine are brought up together. 

This turbine is equipped with water-seal glands, and it will be 
noted from the graph that the speed is increased initially very 
rapidly up to about 800 rpm, which is the sealing speed of the 
water-seal glands. This is done so as to reduce air leakage and 
increase the vacuum very fast. 

From the graph the time scale starts from 120 min. The first 3 
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hours are consumed in heating the turbine with throttle steam 
the unit is on the turning gear. 

Thermal stresses introduced because of the great temperature 
difference between steam and metal are highest when the unit is 
while cold and hot steam is admitted to the turbine cylinder. 

To control the thermal stresses within desired limits, a means 
is provided for measuring the rate of expansion of the turbine cyl- 
inder at the high-pressure end. 

Fig. 12 gives a more complete starting record of the unit cov- 
ered in Fig. 11, from the time the steam is admitted until the unit 
is fully loaded. . 

From this chart the time for heating on the turning gear and 
bringing up to speed is indicated. 

The steam pressure and temperature are brought up uniformly 
during the starting period and the early part of loading. 

During the cold starts, the essential factor to watch is that of 
keeping the thermal stresses of metal of the turbine within desired 
limits. This can be accomplished by observing the expansion of 
the turbine cylinder at the high-pressure end, and holding the 
rate of expansion to a fixed value per hour, for instance, 0.060 in. 
per hr normal, or 0.120 in. in emergencies. The rate of loading 
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therefore becomes a function of expansion as indicated in tl 
graph. 

The total expansion is indicated by a straight line, and thi 
loading is indicated by a curved line. About 10 hr are consume gi) 
in increasing the load from zero to full load. 

The time required for cold starts is not a critical factor, a 
these occur probably only once in a year or once in a longer periogg) 

The adherence to this idea of maintaining minimum thermef] 
stresses to established limits reduces maintenance of turbines. | 

Table 3 gives the starting method, depending upon the time th) 


the cylinder at the starting time relative to that of a cold uni 
From the table it will be noted that with 0.100 in. initial expan} 
sion of cylinder, the starting time is 2 hr and 45 min, and witl#} 
0.500 in., the initial expansion, the starting time is 30 min. 


TABLE 3 RECOMMENDED STARTING TIME RELATIVE TH} 
INITIAL CYLINDER EXPANSION OF 80,000-KW REHEAT UNIT 


INITIAL CYLINDER TIME BRINGING UP TIME HEATING ON TOTAL STARTING i 


EXPANSION- INCHES To_SPEED TURNING GEAR TIME 
100 45 MINUTES 2 HOURS 2 HOURS 45MIN. |i} 
.200 40 MINUTES | HOUR 1 HOUR 40 MIN. 
.300 35 MINUTES 4 HOUR 65 MINUTES 
| 
.400 30 MINUTES 4 HOUR 45 MINUTES 
.500 30 MINUTES O° 30 MINUTES 


@ 1230 psig, 850 F, 850 F reheat, 29 in. Hg vacuum. 


Norma Start-Up or A Unit BorteR REHEAT PLANT 


1 Drain superheaters, reheaters, and piping adequately, with j 
out unnecessary loss of steam. 

2 Start fire in boiler. I 

3 If lines are cold, heat up high-pressure lines and also warm) 
up reheat lines by closing intercepting valves and by-passing high4}} 
pressure steam into one of the two reheat lines to allow this steam} 
to circulate through reheat lines, the drains being connected to the} 
condenser and the excess steam valved to a low-pressure header J}; 
Heating may be performed with only a low pressure in the boiler/} 

4 If the turbine is cold, the warming-up can be started as soon! 
as the boiler pressure reaches a few pounds, and by means of thi 
early start, time can be saved accordingly. The initial heating} 
normally for a cold turbine is about 3 hr; however, the time isi 
somewhat governed by the expansion of the turbine cylinder to all 
value of approximately 0.150 in. 


ance with the method described in the first part of this section un- 
der starting. | 

6 After the turbine has been brought up to speed, synchronize} 
on the line and apply load on the unit as shown in Fig. 12, if the} 
start-up is from cold. In case of a short shutdown, the rate of || 
loading can be applied much faster, as the metal temperatures of || 
the turbine casings and rotor are relatively high, and the change 
in thermal expansions is of smaller magnitude. 

7 For normal overnight or week-end shutdown, the procedure | 
is the same as for a nonreheat unit, the load being gradually re- 
duced to zero, the unit tripped out and put on the turning gear | 
after coming to rest. The steam pressure in the boiler is not delib- | 
erately reduced in any case, because resumption of service on | 
start-up promptly encourages retention of boiler pressure, in- 


tian 1 
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stead of its useless dissipation. Steam lines are adequately above 
any saturation temperatures to require draining. Economy is im- 
proved by making all possible attempts to preserve or hold boiler 
steam pressure. 


FUNCTIONING OF REHEAT PRorEcTIVE EquiepMENT 


Earlier in this paper the author described the reheat-control 
equipment, consisting of governor-operated intercepting and un- 
loading valves in the reheat system, which operate in case of a con- 
dition where the electrical load is suddenly tripped off. 

About 16 years ago the power company at station A performed 
a series of unloading tests on both of its reheat units. Figs. 13 and 
14 show sectional views of the steam turbines. An elaborate test 
setup was made to determine the operation and sequence of the 
governor, pilot valves, intercepting valves, unloading valves, and 
the speed of the turbine during the unloading tests. 

_ These tests were made at fractional as well as at full load, and 

_this established the relationship between light-load and full-load 
conditions. Since that time, the practice has been to make light- 
load unloading tests following inspections, and the results of these 
tests indicate whether the protective equipment is in satisfactory 
working order. 

Fig. 15 illustrates schematically the arrangement of the reheat 
cycle, including boilers and turbines. It applies to both re- 
heat units in this plant. 


Fig. 16 shows the method of operation of the control equipment. 
Items (7) and (8) are the spring-loaded intercepting and unloading 
valves, respectively, in the reheat system. The intercepting valve 
(item 7) is kept normally open, and the unloading valve (item 8) is 
kept normally closed by relay oil pressure. 

In case of overspeed, the main speed governor (item 9) rises to 
a predetermined height and opens the oil control valve (item 
15). When the oil control valve (item 15) opens, it releases the 
oil pressure underneath the oil pistons of the intercepting valve 
(item 7) and unloading valve (item 8), allowing them to move 
under force of their springs. 

In case the speed increases sufficiently to operate the emergency 
trip, the overspeed governor (item 10), in addition to closing the 
throttle valve, operates on the 4-way oil trip valve (item 11), 
which in turn releases the oil pressure from underneath the oil pis- 
tons of valves (items 7 and 8), thus causing the intercepting 
valve to close and the unloading valves to open. The main inlet 
valves also will be closed by action of the overspeed governor 
operation at tripping speed, provided these oil-operated inlet 
valves are not already closed by direct action of the main speed 
governor. 

As the turbine speed returns to normal, the intercepting and un- 
loading valves, being under control of the speed governor, return 
to their normal operating positions, and the unit is in a position to 
be resynchronized the same as a conventional nonreheat unit. 
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close early and the rate of closing of these valves must be as fast 2g 
possible. 

In these tests it will be noted that the steam-unloading valy a i 
Fig. 15, item (7), were set to open at an early moment of this se 
quence of operation. | 

Note also that the unloading valves were open for a brief inter# 
val at the same time that the intercepting valve was open. Ther« 
fore reheat steam at normal pressure passed through these tw 
valves directly to the condenser without going through the tut) 
bine. The time interval was brief; however, the rate of dischargy 
of reheat steam to the condenser was very high. The effect on thi 
condenser vacuum was scarcely noticeable. 

In Fig. 18 two curves are shown illustrating graphically t i 
speed-limiting effect caused by the addition of a steam-unloadin; 
valve, Fig. 15, item (7). The upper curve represents the charac® 


teristic speed rise when the reheat protecting equipment, in thi 
case, consisted of only one intercepting valve, Fig. 15, item (6))ff 
and the unloading valve, Fig. 15, item (7), was omitted. Thef 


lower curve represents the characteristic speed rise when the re 
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Good operating practice would of course call for an investiga- 
tion into the cause of the trip-out. 


Untoapine Test Resuitrs 


The graphic characteristic curves of one of the unloading tests 
made at full load on one of the reheat units in station A is shown in 
Fig. 17. The purpose of inserting this graph is to show the se- 
quence of operation of the valves, rise in turbine speed, and drop 
in reheat steam pressure, all plotted as a function of time. 

Note the rapid rise in speed following load trip. Therefore, 
to decrease this rate of speed rise, the inlet and intercepting 
valves, Fig. 15, items (3) and (6), respectively, must begin to 


The difference in speed rise amounted to about 130 rpm by the 
introduction of an unloading valve installed as shown in Fig. 15. | 

The closing times, Fig. 18, of the inlet valves and the intercept- || 
ing valves were very nearly in agreement with each other ; how-|| 
ever, the speed continued to rise after the valves were closed. The! 
reason for this is due to leakage steam passing through part of the | 
turbine. Since there was only one intercepting valve isolating the 
return of reheat steam, the steam pressure on the high-pressure 
side of the diaphragm is maintained at reheat pressure in the re- 
heat boiler; therefore the sources of leakage which tend to in- 
crease the speed after valves are, all closed are, namely: (a) leak- | 
age through the reheat diaphragm; (6) leakage through the laby- | 
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rinth steam packing in the balance pistons of the high-pressure 

unit; (c) possible leakage through the reheat intercepting valve. 
With the addition of a steam reheat unloading valve, item (7), 

Fig. 15, connected between the reheat pipe and the condenser, the 
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stage pressure on the low-pressure side of the diaphragm was 
maintained close to condenser pressure, thus reducing the availa- 
ble energy of leakage steam that passes through-the blading into 
the condenser. 

Note that the unloading-valve connection to the reheat pipe is 
between the intercepting valve and the turbine on the return re- 
heat line from the boiler; thus the steam passing through this 
valve, item (7), Fig. 15, is relatively small when other valves, 
items (3) and (6), Fig. 15, are closed. 

Where no steam-unloading valve is used, two intercepting 
valves, one in each reheat line, see items (4) and (5) Fig. 3, are 
frequently used. In this way the volume of reheat steam trapped 
in the reheat lines cannot get back into the turbine to cause over- 
speeding except by leakage through the intercepting valves them- 
selves. 

Fig. 19 shows graphically the relationship of the rate of speed 
increase following unloading for different loads, ranging from 40 
per cent fractional load to full load. 
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Developments in Resuperheating in 
Steam Power Plants 


By E. E. HARRIS! anp A. O. WHITE,? SCHENECTADY, N. Y. 


Both steam and gas reheaters have been used for a 
number of years, and this paper is devoted to a discussion 
and evaluation of the gains in thermal efficiency as re- 
flected in turbine heat rate realizable in modern steam 
turbines for central stations. The gains due to reheat are 
justified economically with present equipment and fuel 
costs. They represent an additional gain in fuel economy 
‘over and above the normal annual gain. 


INTRODUCTION 


ESUPERHEATING, or as it is more commonly called, re- 
R heating has been applied to steam power plants of all types 
and sizes for a great many years. If steam is expanded in 
successive steps from the initial to the final exhaust conditions as 
in a multiple-expansion reciprocating engine or in a turbine, the 
steam may be taken away from the engine (or turbine) at one or 
more points, reheated by high-pressure steam, or in a direct-fired 
reheater (including reheaters built into the main steam generator 
or boiler), and readmitted to the engine with a resulting increase 
in thermal efficiency, as evidenced by a reduction in the heat con- 
sumption per unit of output. 

While both steam reheaters and direct-fired (or as they are some- 
times called, gas reheaters) have been used, this paper considers 
primarily the case of the gas reheater. While steam reheating 
gives a reduction in heat rate, the gain is entirely nonthermody- 
namic, that is, the gain is due to a reduction in moisture losses in 
the engine and not due to improvement in the cycle efficiency as 
such. 

This paper will attempt to evaluate the gains which can be real- 
ized by reheating under various conditions, and enable an evalua- 
tion to be made of the optimum reheater pressure, temperature, 
reheater pressure drop, and the effect of the efficiency of the vari- 
ous sections, as applied to modern steam turbines used in central- 
station and large industrial power plants, with a typical feed- 
water-heating arrangement. 


Basic CONSIDERATIONS 


The basic cycle is the well-known Rankine cycle, in which the 
working fluid is expanded adiabatically (i.e., constant entropy), 
from the initial temperature and pressure to the final or exhaust 
pressure, with a resulting decrease in total heat and the perform- 
ance of external work. Heatis then given up at constant tempera- 
ture, condensing the working fluid and rejecting heat from the 
cycle. The fluid (as a liquid) then has heat added, first along the 
saturated liquid line at variable temperature, then at constant 
pressure and temperature to vaporize the working fluid, and then 
generally further heat is added at constant pressure to superheat 
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the working fluid. This cycle is shown diagrammatically in Fig. 1, 
and it can be shown that the work done is proportional to area 
ABCDEA and the thermal efficiency is area ABCDEA divided by 
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area AB’C’'CDEA. 
an ideal cycle is 


In everyday usage the thermal efficiency of 


3412.75 
Cl —S)0) x6 sie. 


where H is initial enthalpy, h is condensate enthalpy, and TSR 
(theoretical steam rate) = 3412.75/AE, AE being the available 
energy, which for steam may be read from the ASME Theo- 
retical Steam Rate Tables. This is of course without extraction 
for feed heating. The corresponding efficiency when heating the 
feedwater in an infinite number of heaters, and with 100 per cent 
engine efficiency, may be derived from Selvey and Knowlton’s 
paper (1).% 

If now the working fluid be extracted from the engine at some 
point, say, F, Fig. 2, and heat added to resuperheat it to 
some point G, and then the expansion continued to H, the exhaust 


3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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pressure, a reheat cycle is defined. The work done in the cycle is 
now proportional to area AFGHCDEA, and the thermal efficiency 
is again AFGHCDEA divided by area AFGH'C’CDEA. If the 
diagrams are drawn to scale the increase in the ratio of the areas 
can beseen. The efficiency in the same terms as the foregoing, and 
on a nonextraction basis is 


3412.75 
3412.75 (H; — h) + 3412.75 (H; — Hp) 
AE 
where 
H, = initial enthalpy at point A 
H, = enthalpy at point Ff 
H; = enthalpy at point G 
h = liquid enthalpy at point C 


AE = sum of adiabatic energies from point A to K and G to H. 

For the ideal cycle, with reheat, an extension of Selvey and 
Knowlton’s method can be used to obtain the theoretical heat 
rates with regenerative feed heating in an infinite number of 
heaters. 

Theoretical heat rates have been calculated for various steam 
conditions and various reheater pressures and temperatures, and 
the gains over the regenerative Rankine cycle are plotted in Figs. 
4, 5,6, and 7. This gain is then the pure thermodynamic gain. 
The actual gain is greater than this by reason of the improvement 
in engine efficiency due to reduction in moisture loss, etc., and 
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it is this total gain that is evaluated in the balance of the pap 
Before showing the total gains to be expected, it might be well 
devote a few words to the nonthermodynamic gains. First, a 
probably the most important is the reduction in moisture los 
Several authorities (2, 3), have given the general rule that in| 
steam turbine there is a loss in used energy (work done per pour 
of steam) in the moisture region of 1.15 per cent for each 1 per ce} 
of average moisture during the expansion. An inspection of tt 
Mollier diagram in Fig. 3 shows that for the reheat cycle, not o 
is the average moisture content during the expansion less, but le 
of the work is done in the moisture region, so that ere is} 
marked increase in the used energy for a given available energy « 
the turbine, which is, for convenience, taken account of as an ij 
crease in the turbine efficiency from the reheat point to the ei 
haust. Fig. 23 gives the correction factor to be applied to turbiz 
efficiency for various initial superheats and pressures (see Aj 
pendix). 
In addition to this gain, the increase in available energy ri 
quires less steam flow for the same output. While this means the 
effectively the reheat machine is slightly smaller than a nonrehee} 
unit, and so should have a slightly poorer internal efficiency, they 1 
is also for the same last-stage annulus area, a smaller volume flo: | 
to the condenser, with a resulting lower leaving velocity and col ! 
responding exhaust loss. This gain can be taken advantage of 1 
either of two ways: (a) use the same last-stage combination af 
the reheat as would be used on the nonreheat unit and obtain a | 
increase in efficiency due to the reduction in exhaust loss; 
reduce the area of the last-stage combination, which will result 
a slightly smaller and less expensive turbine. The authors ha 
chosen alternative (a) to use in the calculations for this paper sinc 
at least in their company, last-stage combinations vary in rel 
tively large size steps, and so in actual practice the same last-stas# | 
qi 
j 


combination would be used on either a reheat or a nonreheat ma} 
chine of given rating. 


SUPPLEMENTARY ADVANTAGES 


The reduction in steam flow previously mentioned also permi 
a reduction in the size of the boiler, condenser, feedwater heat i 


supply for the same rating, or, where the cooling-water suppl} 
is strictly limited, will enable the installation of from 71/2 to 1 i 
per cent more capacity in reheat than in nonreheat units. 


Basis OF COMPARISON 


The gain in heat rate due to reheat has been evaluated by adi| 
tual calculation of heat rates for a nonreheat and a reheat cycl 
with a heater arrangement as shown in Fig. 8. Turbine efficiencia} 
have been kept as comparable as possible, and are based upon tk | 
curves in Warren and Knowlton’s paper (4) with a uniform ex} 
haust loss of 4'/: per cent of the shaft output for all nonreheal| 
units at 1 in. Hg abs exhaust pressure, and an equal annulus are} 
for reheat units at the same initial conditions. , 
tion, which results in a nonthermodynamie gain, is part of t 
gain due to reheating and is in the order of 1.2 per cent. 

The assumptions for the heater cycle are indicated in Fig. & 
and the resulting gain in heat rate for the four initial pressures ane 
the various temperatures considered are plotted versus reheatel 
pressure in Figs. 9, 10, 11, and 12. These curves are all at 1 int 
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Hg abs exhaust pressure and optimum feedwater temperature as 
indicated by Salisbury (6) for each initial pressure, with reheating 
to the initial temperature in a reheat boiler. The gain due to the 
reduction in boiler feed-pump work with reduced flow in the re- 
heat units is included. One of the heaters may be either above or 
below the reheat point. As this heater shifts from above to below 
the reheat point a discontinuity of the gain curve will be obtained. 
This shifting is indicated by the break in the per cent gain curves. 
The heat rates are defined as follows: 


For nonreheat, Btu per kwhr = 
F (H—h,) 
(Generator output) — (input to boiler feed pump) 


For reheat, Btu per kwhr = 
F(H — hy) — F(z — H,) 
(Generator output) — (input to boiler feed pump) 


where 
F = throttle flow, lb per hr 
Fr = reheater flow, lb per hr 
H = initial enthalpy 
Hp = enthalpy after reheater 


H, = enthalpy to reheater 
actual enthalpy of feedwater entering boiler 


RESULTANT GAINS AND THEIR VARIATIONS 


An inspection of the curves, Figs. 9, 10, 11, and 12, of gain due to 
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reheat reveals that on the average a reduction of 6 to 7 per cent 
heat consumption over a nonreheat plant is obtained by rehe 
ing to the initial temperature, providing that the reheat pressu 
is near the optimum for modern steam-turbine plants. 

The optimum reheat pressure is a function of the initial steat 
conditions, particularly the pressure. The curves of gain due f 
reheat are nearly coincident for various initial and reheat temper: 
tures, and the reheat pressure at which the maximum gain occu 
varies from 0.10 to 0.18 of the initial pressure. 

The actual gain at the optimum reheat pressure varies fro 
5.15 per cent with 860 psia, 900 F, and 1 in. Hg abs back pressure, 
6.9 per cent at 2000 psia, 1200 F, and 1 in. Hg abs back pressur 
The gain is a function of steam conditions, turbine efficiencies, p 
cent exhaust loss, feed-heating arrangement, and reheater pre 
sure drop. The gains shown by the curves are realized in rehe 
units where the efficiency of the high-pressure section is equal 
that assumed in the calculations, and the feedwater is heated t 
the optimum temperature. | 

Since the heat rate with reheat is dependent upon the efficienc 
of the various sections of the turbine, calculations of the effect c 
the efficiency of the high-pressure section of the turbine (down t 
the reheat point) were made. These show that at usual rehe 
pressures there is a reduction in heat rate of about 0.16 per cen 
for each 1 per cent increase in the turbine efficiency. Howeve 
this relation will vary from 0.1 to 0.4 per cent for each 1 per ce 
change in high-pressure turbine efficiency, depending upon th 
reheater pressure. Fig. 13 shows per cent change in heat rat 
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plotted against per cent change in high-pressure turbine efficiency. 

For the nonreheat unit, the corresponding reduction in heat 
rate for a change in the turbine efficiency down to a pressure cor- 
responding to the reheat pressure on the reheat machine is 
about 0.17 per cent for each 1 per cent increase in the turbine ef- 
ficiency. Only the 1450-Ib 1000 F unit was calculated, and the 
range of the variation is shown in Fig. 14. 

The difference between the reheat and the nonreheat heat rates 
also changes with high-pressure-turbine efficiency. This gain in 


CHANGE IN HEAT RATE 
CHANGE IN H.P TB. EFFICIENCY 
OO°F - 10009 F 


1450 PSA -101 
‘ "HG ABS. EXH. PR 


PERCE! 
30 


+ 


nv 
PER CEN POORER HEAT si 


CHANGE IN HEAT RATE 


CHANGE IN H.P TB. EFFICIENCY — 
NON-REHEAT UNIT 
1450 LB. 1000°F I" HG, 


Fia. 14 


1eat rate for equal efficiencies in the turbines down to the reheat 
yressure point for the reheat and nonreheat units’is plotted 
wainst high-pressure turbine efficiency down to this point for 
our reheater pressures at 1450 Ib, 1000 F, 1 in. Hg. in Fig. 15. 
Vithin the usual range of reheat pressures the variation in the 
ain for normal variations in turbine efficiency is not very large. 
While a complete exploration of this effect with all the variables 
yas not made, the foregoing curves are believed to be representa- 
ive of all normal combinations. 

The heat rate of a reheat cycle is also markedly affected by 
he pressure drop in the reheater and connecting piping, since such 
ressure drop is a throttling loss. The basic curves, Figs. 9, 10, 
1, and 12, were based upon 10 per cent pressure drop from the 
igh-pressure turbine-outlet flange to the flange of the intercept- 
1g valve after the reheater. Figs. 16, 17, and 18 show per cent 
ariation in heat rate with reheater pressure drop. 
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The effect of the condenser pressure upon the gain due to re- 
heat is rather small, but definite. The principal effect is a reduc- 
tion in the gain due to leaving loss with constant annulus area, 
that is, with higher back pressures the exhaust loss of a nonreheat 
unit is reduced so that the gain due to the decrease in exhaust loss 
for the reheat machine is also reduced. This effect for units with 
the same last stage reduces the gain due to reheat by from 0.25 to 
0.5 per cent in going from 1 in. Hg abs to 1!/2 in. Hg abs exhaust 
pressure. Figs. 19, 20, 21, and 22 show a comparison of the gain 
at 1000 F for 1 in. and 1!/2 in. Hg abs. 

The gain due to reheat also varies with load on the unit, since 
a change in load means a change in flow, with a corresponding 
change in reheat pressure and feedwater temperature; while 
a changein flow also changes the efficiency of the high-pressure sec- 
tion. The combined effect of these three variables has not been 
investigated fully, but the effect is such that the gains at partial 
loads are less than would be indicated for the reheater pressure 
corresponding to the load at which the unit is operating. This 
means that the reheat pressure at rated load should be chosen 
higher than the optimum for the steam conditions involved in 
order to maintain economy at partial load. 

All the data presented in this paper have been based on reheat- 
ing to the initial temperature. In some cases the reheat tempera- 
ture is chosen less than the initial temperature, particularly where 
the initial temperature is high as this reduces the problems asso- 
ciated with the design of the reheater and low-pressure section of 
the turbine. 

A difference of 50 deg F between the initial and reheat tempera- 
tures changes the heat rate about 0.6 per cent for usual tem- 
perature ranges. 


CoNCLUSIONS 


Reheat has been in use for over 25 years, and there have been 
few, if any, difficulties attributable to reheat as such with the 
plants in all parts of the country which are using reheat. 

The chief objection to its use in the past has been on the basis of 
cost, which sometimes overbalanced the gains in fuel costs. Mod- 
ern developments in turbines and boilers have reduced the differ- 
ential in cost between reheat and nonreheat units, and steadily in- 
creasing fuel costs have emphasized the search for improved econ- 
omy and enabled the higher costs of a reheat installation to be 
justified economically in most cases. 

As has been shown by the curves presented herein, when due 
allowances are made for usual range of reheat pressures and high- 
pressure section efficiency, reductions in heat consumption, and 
of course correspondingly in fuel consumption and fuel costs, of 
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41/, to 5 per cent may be realized at loads from about °/, to 5/4 
load. This applies to the higher ratings and moderately high 
steam pressure. For ratings of 40,000 kw and below, or for very 
high steam conditions, the lower high-pressure section efficiency 
attainable with reasonable cost, reduces this gain to from 31/2 
to 4 per cent. 

Studies by a number of utilities have shown that the gains indi- 
cated in this paper provide an adequate return on the additional 
investment. It is hoped that such economic studies will be made 
available to the industry for its guidance. 

The industry as a whole has shown an average increase in initial 
temperature of about 12 deg F per year, and there are no indica- 
tions that this rate will change in the future. While the increas- 
ing application of reheat may not change this trend, it does pro- 
vide a marked increase in the rate at which plant thermal ef- 
ficiency has risen over the years and a corresponding marked re- 
duction in that significant ratio, pounds of coal per kilowatthour. 

We have every confidence that the revival of interest in, and 
use of reheat is a permanent one, and that an increasing number of 
reheat installations will be made in the future. The obvious trend 
in coal costs is pretty good assurance of this. 
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Appendix 


j 
if 


The change in turbine efficiency with superheat mentioned} 
the text was given as Fig. 6, in Warren and Knowlton’s paper (} 

This has been extended to higher superheats for use with reh’ 
turbines, and in addition, curves have been drawn to include 
effect of differences in pressure at the same superheat. Thill 
correction curves, drawn as multiplying factors, are given in 
23. 

These correction factors are based on calculation supported, 
tests on a large number of turbines and stage groups. They ¢ 
be applied to impulse-type turbines with interstage moist 
drainage as built by the author’s company. 
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Steam Turbines for Resuperheat Cycle 


By E. E. PARKER,! SCHENECTADY, N. Y. 


Resuperheat cycles are again being applied to central- 
station steam-turbine installations; this time at initial 
and reheat temperatures in the range of 950 to 1050 F. 
This paper reviews the steam turbines installed by the 
author’s company for the resuperheat cycle and describes 
the modern turbines under construction for this cycle. 


INTRODUCTION 


N the middle 1920’s and early 1930’s, a number of installations 
of steam power generating equipment using the resuperheat 
cycle were installed for central-station service. This was a 

period when initial temperatures had reached the 750 F level. 
Progress to higher initial temperatures was yet a few years in the 
future. During this period, while experience was being consoli- 
dated at the 750 F level, higher-thermal-efficiency stations were 
built using the resuperheating cycle. Roughly, a thermal gain of 
5 to 6 per cent was obtained by using the resuperheating cycle. 
This gain was not equaled by nonreheat cycles until progress per- 
mitted initial temperatures of the order of 900 F. Thus the 
efficiency of these early resuperheat installations equaled 
the efficiency of nonreheat installations made years later at 
higher temperature levels. 

Today, initial temperatures of 900 and 950 F are common for 
central-station service, and a large amount of capacity is being 
installed at 1000 and 1050 F. It appears likely that operating 
experience with materials at 1000 and 1050 F will characterize 
the progress in central-station trends during the next few years. 
Such consolidation of experience need not, however, at the mo- 
ment impede the progress in construction of stations for higher 
thermal efficiency. By application of the resuperheat cycle at 
1000 F, plant heat rates can be achieved which in all probability 
will equal those possible in the future at initial temperatures of 
1150 or 1200 F without the use of resuperheat. Thus the present 
renewed interest in and use of the resuperheat cycle parallels in 
many respects the conditions that led to its application 25 years 
ago. 

Available records indicate that there is installed in the United 
States approximately 2,460,000 kw in turbine capacity for the 
interstage resuperheat cycle. In addition, available records show 
there is installed some 120,000 kw in noncondensing-turbine 
capacity which supplies steam to older low-pressure units with 
provisions for resuperheating the steam between the exhaust of 
the newer noncondensing turbines and the inlet to the older low- 
pressure units. This paper is limited to consideration of those 
turbines built for interstage resuperheat, that is, turbines built 
to utilize the steam from the throttle to the condenser. 

The company with which the author is associated has manu- 
factured 28 turbines with combined capacity of approximately 
1,945,000 kw for the interstage resuperheat cycle. Twenty-six 
of the turbines (see Table 1) are installed in the United States and 
two with a combined capacity of 105,000 kw in South America. 


1 Divisions Engineer, Steam Turbine and Generator Divisions, Gen- 
eral Electric Company. Mem. ASME. 
’ Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., November 28—December 3, 1948, of Tur 
AMERICAN SocieTy OF MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48—A-58. 


Of this total, units of approximately 300,000 kw use steam re- 
superheating, the remainder furnace resuperheating. With the 
exception of one unit, these were all manufactured during the 
period from 1924-1932. 

An indication of the renewed interest in the resuperheat cycle 
can be gained from the fact that this company had under con- 
struction and on order at the middle of 1948, approximately 
1,500,000 kw at name-plate rating for the interstage resuperheat 
cycle (see Table 3). The first of these units will be placed in 
service in 1949. This renewed interest in the resuperheat cycle is 
one of many examples of the effort of the electric-utility industry 
to prevent power costs from rising in the face of rapidly rising 
fuel and other costs. It is also a contribution to the conservation 
of our fuel reserves which is assuming increasing importance. 


EARLIER DESIGNS 


Before describing modern turbines now under construction for 
the resuperheat cycle, it is of interest to note briefly the designs 
of some of the earlier turbines, built for this cycle, which have 
been proved by years of successful operation. 

Fig. 1 is a cross section of one of the first resuperheat turbines 
built by the author’s company. A number of turbines of this 
type are in operation, and these are of particular interest as the 
resuperheating is here applied to a single-casing turbine, giving 
the advantages of compactness for station design and minimum 
capital investment required for resuperheating. This design, 
however, is subjected to large temperature gradients in the sec- 
tion of the turbine comprising the exhaust to the reheater and 
inlet from the reheater. Such gradients are not as serious in these 
units designed for 750 F as would exist at today’s temperature 
levels. : 

The second type of construction used for early resuperheat 
turbines is the tandem compound of which there is a variety of 
combinations. Fig. 2 shows an 1800-rpm tandem-compound 
double-flow three-casing unit with resuperheating between the 
high and intermediate sections. This is one of the later units of 
the group now in service and operates at steam conditions of 
1200 psig, 825 F initial temperature, with resuperheat to 825 F at 
a maximum pressure following the reheater of 425 psig. 

Many of the early resuperheat turbines are of cross or vertical- 
compound design. The high-pressure turbines of such sets are in 
some cases 1800 rpm and others 3600 rpm. The low-pressure 
turbines are 1800 rpm, either single or double flow. 

Fig. 3 shows the high-pressure and Fig. 4 the low-pressure 
turbine of a vertical-compound turbine. These cross sections 
also serve as typical of cross-compound designs. The high-pres- 
sure 3600-rpm turbine and generator of this vertical-compound 
unit are mounted on the generator for the low-pressure turbine. 
The low-pressure turbine is single flow and operates at 1800 rpm. 
Turbines such as this were built for steam conditions of 1200 
psig 750 F initial temperature, with resuperheating to 750 F. 
The steam is resuperheated between the high and low-pressure 
turbines at a maximum reheat pressure of 450 psig. 

A cross-compound unit for operation at 2300 psig initial pres- 
sure, installed in the Twin Branch Station of the Indiana and 
Michigan Electric Company,? is the most recent installation of 
resuperheating turbines manufactured by the author’s company. 


2 Series of articles in Elecirical World, Oct. 18, 1941. 
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Fra. 1 35,000-Kw 1800-Rem Sincun-Cyitinper Steam TurBINE or Harty Design ror RESUPERHHAT CrYcLE 


TABLE1 LIST OF RESUPERHEAT STEAM TURBINES OF THE AUTHOR’S COMPANY, WITH 
INTERSTAGE RESUPERHEATING, INSTALLED IN THE UNITED STATES 


Reheat 
Initial steam —-conditions— 
7—-conditions—~ Press 
Rating, Press, ‘Temp, inlet, Temp, Type of Type of , ‘ 

Purchaser kw psig deg F psig deg F turbine reheat Date in service 

A 35000 530 725 134 725 SC Boiler Sept. 1924 

B 60000 550 725 95 725 CC SF Boiler Nov. 1924 

A 35000 530 725 134 725 SC Boiler Feb. 1925 

Cc 35000 530 725 134 725 SC Boiler April 1925 

Cc 35000 530 725 134 725 SC Boiler July 1925 

D 63000 600 725 187 725 CC SF Boiler Nov. 1925 

D 63000 600 725 187 725 CC SF Boiler March 1926 

E 42000 600 725 160 725 SC Boiler March 1927 

E 42000 600 725 160 725 SC Boiler June 1927 

B 90000 550 750 75 460 CC SF Steam Aug. 1927 

F 55000 600 725 155 725 TC SF Boiler Aug. 1928 

A 165000 600 725 117 725 CC Boiler Jan. 1929 

G 208000 600 730 100 500 CC Steam April 1929 

B 55000 600 725 155 725 TLCS ISE Boiler June 1929 

H 55000 1250 750 342 750 CC SF Boiler Feb. 1930 

Ti 53000 1200 725 390 750 CC SF Boiler March 1930 

J 53000 1200 725 390 750 CC SF Boiler May 1930 

K 25000 1250 750 320 750 VC SF Boiler Sept. 1930 

K 25000 1250 750 320 750 VC SF Boiler Oct. 1930 : 

F 105000 600 725 158 750 TC DF Boiler Nov. 1930 : 

L 50000 1200 750 425 750 VC SF Boiler Feb. 1931 | 

L 50000 1200 750 425 750 VC SF Boiler June 1921 

M 110000 1200 750 73 550 VC DF Steam July 1931 

G 150000 1200 825 410 825 TC DF Boiler Nov. 1937 

Cc 76500 2300 940 430 900 CC SF Boiler March 1940 

B 105000 650 750 158 750 TC DF Boiler May 1940 ; 
NOTATION: | 

SC—Single cylinder. _ TC DF—Tandem compound, double flow. 
CC SF—Cross compound, single flow. VC SF—Vertical compound, single flow. 


TC SF—Tandem compound, single flow, VC DF—Vertical compound, double flow, 


TABLE 2 LIST OF NONCONDENSING STEAM TURBINES OF THE AUTHOR’S 
IN THE UNITED STATES, WITH RESUPERHEATING OF EXHAUST STEAM NY 


Initial steam — Reheat conditions 
———conditions——\ Press, 
Rating, Press, Temp, exhaust, Temp, 
Purchaser kw psig deg F psig deg F Date in service 
N 3360 1200 700 350 750 D 
O 7700 1200 750 300 750 Oot 1936 
N 10000 1200 700 375 750 Dec. 1927 
N 12500 1200 700 375 750 Oct. 1929 
Oo 7700 1200 750 317 750 Nov. 1929 
O 7700 1200 750 317 750 Nov. 1930 
O 7700 1200 750 317 750 Sept. 1930 
ie 12000 1282 710 375 685 Feb. 1932 
R 15000 1250 800 310 687 Sept. 1938 
Ss 200860 1800 950 400 750 Sept. 1942 
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Cc 


This installation provides resuperheating between the high and 
low-pressure turbines using 940 F initial steam temperature, with 
resuperheating of the steam to 900 F. A station heat rate of 
10,035 btu per kwhr has been reported on this resuperheat in- 
stallation for 6 months of operation. Up to July, 1948, no 
record of station heat rate on a steam-electric installation has 
been reported which equals this level of thermal efficiency. 


CuRRENT DESIGNS 


Two types of resuperheat turbines tandem and cross-com- 
pound, and varying in rating from 50,000 to 125,000 kw are cur- 


3“Operating History of the 2500-Psi Twin Branch Plant,’ by 
Philip Sporn and E. G. Bailey, Trans. ASME (Special Section— 
Furnace Performance Factors), vol. 66, 1944, pp. 1-12. 


TABLE 3 LIST OF RESUPERHEAT STEAM TURBINES FOR INTERSTAGE RESUPERHEAT- 
ING, ON ORDER WITH THE AUTHOR’S COMPANY AUGUST 1, 1948 


—Initial steam— 


conditions 
Rating, Press, Temp, 
Purchaser kw psig deg F 
Cc 125000 2000 1050 
dt 125000 2000 1050 
A 125000 2000 1050 
C 125000 2000 1050 
T 125000 2000 1050 
A 125000 2000 1050 
U 80000 1450 1000 
U 80000 1450 1000 
U 80000 1450 1000 
Vv 60000 1450 1000 
Vv 60000 1450 1000 
WwW 50000 1450 1000 
x 60000 1450 1000 
NG 50000 1450 1000 
Y 50000 1450 1000 
Z 100000 1250 950 
Z 100000 1250 950 
NotaTIONn: 


CCDF—Cross-compound, double-flow. 
TCDF—Tandem-compound, double-flow. 
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rently being manufactured by the author’s company for resuper}| 
heat installations now under construction by the electric-utility 
industry. 
Representing the cross-compound type are a number of resuper}! 
heat units for installation in the Philip Sporn‘ and other stationa 
of the American Gas and Electric Company. Details of thes 
125,000-kw turbines (150,000 kw maximum capacity) are shov 
in Fig. 5 for the high-pressure, and Fig. 6 for the low-pressur¢ 
units. The 3600-rpm high-pressure turbine receives steam a 
2000 psig and 1050 F, and exhausts it to the reheater where it is 
resuperheated to 1000 F. The steam then enters the 1800-rpm 
tandem-compound double-flow low-pressure turbine. At maxi 


! 


4“The 2000-Psi, 1050 F, and 1000 F Reheat Cycle at the Philir 
Sporn and Twin Branch Steam-Electric Stations,” by Philip Sporn) 
Trans. ASME, vol. 70, 1948, pp. 287-294. 


—Reheat conditions— 


Press, ) 
TB inlet, Temp, Type of | 
psig deg F turbine Type of reheat | 
375 1000 CCDF Boiler 
375 1000 CCDF Boiler 
375 1000 CCDF Boiler 
3to 1000 CCDF Boiler 
375 1000 CCDF Boiler 
375 1000 CCDF Boiler 
375 1000 TCDF Boiler 
375 1000 TCDF Boiler 
375 1000 TCDF Boiler 
375 1000 TCDE Boiler 
375 1000 TCDF Boiler 
405 1000 TCDF Boiler 
355 1000 TCDF Boiler 
405 1000 TCDF Boiler 
405 1000 TCDF Boiler 
380 950 TCDF Boiler 
380 950 TCDF Boiler 
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= Fic. 7. Recent DEvELOPMENT IN STEAM TURBINES FOR RESUPERHEAT CYCLE 
(80,000-kw 3600-rpm tandem-compound double-flow turbine.) 


mum load, the steam pressure entering the low-pressure turbine 
is 375 psig. 

The high-pressure turbine has many special features to make 
it suitable for the high initial pressure and temperature condi- 
tions, among which are special stabilized stainless-steel materials 
for all parts operating at 1050 F, double high-pressure shell con- 
struction,® and a special arrangement of packing steam flow to 
cool the outer shell. Because of the double-shell construction, 
the use of stainless steel for the turbine shell can be limited to the 
inner shell, and only the forward portion of it extending beyond 
the second stage. At that point the stainless-steel portion is 
dovetailed to a special low-alloy-steel shell. 

The 1800-rpm low-pressure turbine is a two-casing tandem- 
compound unit with a double-flow low-pressure section. This 
double-flow section provides adequate last-stage area for a turbine 
of this size at even the best vacuum conditions. It is the first 
large 1800-rpm turbine to be designed for 1000 F service, and the 
high-pressure section employs a solid rotor in the high-tempera- 
ture region, combined with built-up wheel construction for the 
later stages which operate at lower temperatures. The intercept 
valves are.located in the high-pressure shell of the low-pressure 
unit and are operated by the same arrangement of mechanism as 
normally used for governor-operated control valves. 

A recent development in turbines for the resuperheat cycle is 
shown in Fig. 7. This is a 3600-rpm tandem-compound double- 
flow turbine which resembles very closely the equivalent-size non- 
reheat turbine. In this design the high-pressure steam enters the 
turbine shell at mid-section and travels forward (away from the 
generator). It is exhausted to the reheater at the forward end of 
the turbine adjacent to the No. 1 bearing standard and re-enters 
from the reheater immediately adjacent to the point at which the 
high-pressure steam is admitted. Thus only one portion of the 
turbine shell is subjected to the high temperature of the initial and 
resuperheated steam. This eliminates any severe temperature 


5 “Progress in Design and Performance of Modern Large Steam 
Turbines for Generator Drive,” by G. B. Warren, Trans. ASME, vol. 
63, 1941, pp. 49-75. 


gradients, as would exist in the earlier, compact design shown in 

Fig. 1. It also moves the highest-temperature portion of the tur- 

bine shell and shaft away from the bearings and water seals. 
Foundation and station space required for this type unit are 


essentially the same as for a unit of similar rating without resuper- 


heating. This, together with the fact that the turbine does not re- 
quire an additional cylinder to accommodate resuperheating, 


minimizes the capital investment to build a station using this |] 


cycle. 
Turbines of this type are under construction in ratings of 


50,000 kw, 60,000 kw, 80,000 kw, and 100,000 kw with steam con- | 


ditions of 1450 psig, 1000 F initial temperature and reheat to 
1000 F, or 1250 psig, 950 F initial, and reheat to 950 F. This 
type of resuperheat turbine can be designed for other steam con- 
ditions and may be applied to any existing size condensing unit 
for which the resuperheating cycle can be justified economically. 
To make possible 3600-rpm turbines of larger rating, or for im- 
proved vacuum conditions, a triple-flow low-pressure section in- 
stead of a double-flow section, as shown in Fig. 7, can be applied to 
this type of resuperheating turbine equally as well as to nonreheat 
turbines. 


ConTROL REQUIREMENTS 


A turbine for the resuperheat cycle requires those controls cus- 
tomarily used on a nonreheat turbine plus an intercept vaive, to- 
gether with its control. Referring to Fig. 8, this intercept valve is 
located close to the turbine in the line returning the steam from 
the reheater. The sole purpose of this intercept valve is to pre- 
vent the turbine speed from reaching 110 per cent, and thus 
tripping the emergency governor when a sudden logs of all or all 
but a small portion of the electrical load occurs. If it were not for 
the intercept valve, the unit, upon loss of electrical load, would go 
up in speed and trip the emergency stop valve, even though 
the main steam valves were closed, owing to the continuing flow of 
the steam stored in the reheater and associated piping through the 
low-pressure section of the turbine. 


The intercept valve is controlled by a speed governor termed a 
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pre-emergency governor, which is designed to operate the valve 
through full stroke with a change in speed of approximately 3 per 
cent. It is normally set so that the valve is fully open at all speeds 
below about 102 per cent. At a speed of 102 per cent, the valve 
starts to close and is fully closed at a speed of 105 per cent. If the 
intercept valve closes due to a rise in turbine speed, it will reopen 
upon reduction of speed as it is a balanced-type valve. 
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REHEATER 
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STOP VALVE 
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Fig. 8 Diacram SHowine Location or INTERCEPT VALVE AND 
SAFETY VALVES IN REHEATER STEAM LINES 
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Because of the addition of the intercept valve, full-capacity 
safety valves must be installed between the exhaust of the high- 
pressure turbine and the intercept valve. These valves, if located 
on the high-temperature side of the reheater, are normally set to 
start relieving approximately 10 per cent above the maximum 
pressure at the intercept valve. For hydrostatic tests of the re- 
heater, gate valves, as shown in Fig. 8, or removable flanged 
sections to permit blanking off the reheat lines, must be provided. 
If gate valves are used, safety valves must also be provided as 
shown in Fig. 8, to protect the exhaust of the high-pressure turbine 
and a portion of the reheater piping. 

Fig. 9 illustrates in some detail a schematic control arrange- 
ment for a modern resuperheat turbine. 

Although only an intercept valve and a governor for its opera- 
tion need be added to the usual turbine controls for a resuperheat 
turbine, the operation and control of a resuperheat installation in- 
volve more problems than this alone would indicate. There are 
two major problems to be solved on each resuperheat installation, 
namely: (1) protection of the reheater upon sudden loss of load or 
during starting; and (2) protection of the exhaust portion of the 
turbine and the condenser against overheating during starting or 
operation at no load or light loads of a few thousand kilowatts. 

The first of these problems, that is, protection of the reheater, is 
being met on modern installations by automatic provision for con- 
trolling the fires when all, or all but a small portion of the turbine 
load, is suddenly lost. By adequate indicating means, the boiler 
operator can be informed of the load conditions on the turbine 
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following the loss of load, from which the subsequent operation of 
the boiler can be determined. 

The protection required to prevent overheating of the exhaust 
end of the turbine depends upon the boiler characteristics and the 
operating cycle. For short periods of operation at no load or light 
loads, it is probable that no protection will be found necessary. 
For prolonged periods of operation at no load or light loads, pro- 
vision for protection should be made if the characteristics of the 
boiler are such that there is a temperature rise of any magnitude 
in the steam passing through the reheater. At light loads, after 
steady conditions have been reached, it is a reasonable approxi- 
mation to assume that the exhaust of a resuperheat turbine will 
operate hotter than a similar nonreheat turbine by the number of 
degrees temperature rise of the steam passing through the re- 
heater, provided vacuum and temperature conditions are such 
that the exhaust of the nonreheat unit is saturated or super- 
heated. Thus a temperature rise of 50 deg F through the re- 
heater may cause the exhaust end of a resuperheat turbine to 
operate at no load approximately 50 deg F higher than the exhaust 
of a similar nonreheat unit supplied steam at the same initial con- 
ditions. An increase in exhaust temperature of even this magni- 
tude is considered undesirable. To overcome this condition, de- 
superheating of the steam is required. This may be accomplished 
by a desuperheater in the exhaust from the reheater or in the tur- 
bine crossover just ahead of the low-pressure turbine. Such a 
desuperheater would be operated during prolonged operation at 
no load or very light loads. Desuperheating immediately follow- 
ing the reheater has the disadvantage of subjecting the reheater 
piping returning from the boiler and the high-temperature portion 
of the turbine following the reheater to more temperature changes 
than otherwise would exist. Desuperheating of the steam in the 
turbine crossover during no-load or light-load operation does not 
have this disadvantage, and therefore is provided on all resuper- 
heat turbines being manufactured by the author’s company. 

If other conditions permit, the turbine may be started at re- 
duced boiler pressure and the turbine brought up to speed and 
partially loaded before the boiler reaches its operating pressure. 
It is possible that bringing the turbine and boiler up together will 
eliminate the need for desuperheating the steam from the reheater 
during starting. This is dependent, however, upon many factors, 
important among which are the boiler characteristics. These 
must be studied for each particular installation. 

On resuperheat units of the type represented in Fig. 7, it is de- 
sirable that the initial and reheat temperatures remain as close to 
the same value as possible. However, it is to be expected that at 
light loads, the boiler will not maintain either the initial or reheat 
temperatures at the rated values, and one or the other of these tem- 
peratures will drop off more rapidly, thus increasing appreciably 
the temperature difference between the initial and reheat steam. 
Care should be taken in the boiler design to minimize such tem- 
perature differences. 

Due to the storage of steam in the reheater and its piping, speed 
governing of a resuperheating unit which is carrying its load 
isolated from other prime movers is more difficult than a corre- 
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sponding nonreheat unit. It is felt that this problem can be me 
satisfactorily for central-station units with the usual amounts 0 
reheater and reheater piping volumes. 1 | 

If a resuperheat unit, running at full load, should suddenly losag) 
all, or all but a few thousand kilowatts of its load, the speed will 


the high-pressure turbine gad: control of the governor valves and 
exhausts to atmosphere through the reheater safety valves 
(see Fig. 8). This condition is corrected by moving the governo " 
speed control down to restore the unit to normal speed. When 
the speed drops, the intercept valve will reopen and operation be} 
comes normal. Automatic means may be provided to run thell 
governor speed control down upon opening of the generator cir) 
cuit breaker and thus eliminate or minimize the blowing of the re-}j 
heater safety valves upon loss of full load. Such resetting of the# 
governor is necessary to resynchronize on either a resuperheat orf) 
nonreheat unit when the generator is suddenly electrically ey 
connected while carrying an appreciable load. 


Rate or LOADING 


In considering a resuperheat installation, the question arises 
concerning the starting and permissible rate of load change as} 
compared with a nonreheat unit. Considering only the turbine, | 
the time to start and bring a resuperheat turbine to speed should |! 
not differ from that for a nonreheat turbine of comparable size’ 
and design. Similarly, if desuperheating of the reheated steam at |} 
light loads is done, if required, in the turbine crossover, and the i 
control of reheat temperature is as accurate as the control of 
initial temperature, the maximum rate of load change is the same |} 
for a resuperheat as for a comparable nonreheat turbine. 


CoNCLUSIONS 


For steam-electric stations, the use of the resuperheating cycle |f} 
permits the construction of new generating units with station |} 
heat rates 4 to 5 per cent lower than nonreheat installations at |} 
the same temperature and pressure levels. The return from this |}} 
improvement in efficiency is appreciable and merits the careful |} 
consideration of this cycle for all new installations, particularly i 
with present-day fuel costs. 

From a turbine standpoint, the resuperheat cycle not only con- |} 
siderably reduces the number of stages in the moisture region, but || 
also reduces the moisture content in those few stages remaining in |} 
this region. The elimination or reduction of moisture on turbine |} 
steam-path parts increases the useful life of these parts. 

Recent improvements in equipment for this cycle have been |} 
made to reduce the capital investment and more completely to in- | 
sure operating performance comparable to nonreheat units. | | 
Studies of the operating experience on existing resuperheat in- 
stallations, and consideration of the operating problems to be met || 
on the new resuperheat installations under construction have not | 
disclosed any unusual conditions which should impede a con- | 
tinued wide application of this cycle. 


Reheating in Steam Turbines 


By R. L. REYNOLDS,’ LESTER, PA. 


This paper outlines the history of the reheat cycle, in 
which steam is resuperheated after expanding through the 
high-pressure section of the turbine, and shows the im- 
provement in thermal efficiency to be derived from its use 
under various operating conditions. Such factors as re- 
generative feedwater heating, pressure drop: through the 
reheater and its piping, and the temperature to which 
steam is reheated affect the gain in thermal efficiency ob- 
tainable with reheating. Reheating reduces throttle and 
exhaust-steam flows, exhaust moisture, and heat ab- 
sorbed by the condenser. The effect of all of these factors 
is illustrated by the curves included in the paper. 


HE present upward trend in fuel costs has revived interest 
in the reheat cycle, since the resulting gain in thermal 
efficiency will in many cases more than justify the neces- 
sary additional cost of station equipment. Growth in power 
systems and size of individual turbine-generator units further in- 
crease the economic possibilities of the reheat cycle. 
This paper will describe briefly the history of the reheat cycle, 
show the advantages to be derived, and point out present and 
future possibilities. 


History 


Except for a few isolated and relatively minor cases of reheat, 
this cycle first came into use about 1925. At that time, mate- 
rials and turbine construction details limited operating steam 
temperatures to 700 to 750 F. The use of higher-speed blades in 
the low-pressure section of condensing turbines simplified the 
construction and materially reduced space requirements, but 
in turn limited the exhaust moisture to about 12 per cent be- 
cause of the water erosion on these low-pressure blades. The 
importance of this erosion problem was further accentuated by a 
gradual improvement in turbine stage efficiency, to the end that 
the initial steam pressure was limited to about 400 psig. 

These factors brought about the limited use of the reheat cycle 
to permit an increase in initial pressure above the 400-psig level. 

In order to avoid the increased cost and complexity of the 
reheat cycle, and at the same time to realize the thermal gain 
available with higher steam pressures and temperatures, the 
following improvements in turbine design were made: 


(a) Improvement in the shape of the low-pressure blades to 
reduce the effect of erosion. 

(b) Attachment of erosion-resisting strips on the inlet edges 
of the rotating blades in the low-pressure section. 

(c) Modification of low-pressure cylinder design to include 
water catchers to entrain some of the moisture from the steam 
passing through the low-pressure blades. 

(d) Development of alloy-steel materials to permit higher 
initial steam temperatures. 


By these means, the temperatures in the early part of the 
1930-1940 decade had risen to about 850 F, and the improve- 
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ment in the low-pressure blade and cylinder design had made the 
erosion problem relatively less important. As a result, 600 psig, 
and occasionally higher pressures, became common, and the 
reheat cycle was seldom used. 

With the revival in central-station-turbine activity during the 
latter part of the 1930-1940 decade, initial temperatures of 900 F 
became quite common, permitting the use of 850 psig, and later 
1250 psig, initial pressures. This steam temperature level has 
since increased to 1050 F, accompanied by 1500 psig and higher 
pressures, in a few cases. However, it is now clear that service 
experience is needed to prove the dependability and practical 
economy of power plants constructed for today’s advanced steam 
conditions, temperature in particular, and that this experience 
should be obtained before making further substantial steps for- 
ward. Hence the reheat cycle is experiencing a rebirth of popu- 
larity during this period. 


Mernops or REHEAT 
Three methods of reheat have been used, as follows: 


(a) Boiler reheat. 
(b) Steam reheat. 
(c) Combination of boiler and steam reheat. 


In arrangement (a) steam, after expanding through the high- 
pressure section of the turbine, passes through a fuel-fired re- 
heater in which its temperature is again raised to, or nearly to, 
the initial temperature, after which the steam expands through 
the intermediate and low-pressure turbine blading. 

In arrangement (b) steam is reheated to slightly less than its 
initial saturation temperature by high-pressure steam. 

Arrangement (c) combines the two systems, with the steam 
passing through the steam and fuel-fired reheaters in series. 

Reheating with live steam has little or no effect on the heat 
rate and was used only to reduce exhaust moisture. For this 
reason this system is no longer being considered. 

The combined fuel-fired and steam reheat cycle was used in an 
effort to maintain closer control of the reheat steam temperature 
by controlling thermostatically the amount of live steam to the 
steam-reheater section. This system led to complexity of con- 
trol and is no longer found necessary. 

Thus the only reheat system now being considered is the fuel- 
fired arrangement, usually with the reheat section being built 
into the main boiler and interposed between the primary and 
secondary superheater sections. 


ADVANTAGES OF REHEAT 
The fuel-fired reheat system has the following advantages: 


(a) Increase in thermal efficiency, resulting in a reduction in 
heat and fuel-consumption rates. 
(b) Reduction in exhaust moisture. 


The use of reheat makes it possible to attain high thermal ef- 
ficiencies without the need for resorting to high initial steam 
temperatures. For example, when steam is reheated to its initial 
temperature, the reduction in heat rate is equivalent to that 
obtained by increasing the initial steam temperature by 150 to 
200 F with the nonreheat cycle. Thus a 900 F turbine, re- 
heating to 900 F, will have about the same thermal efficiency as 
a 1075 F turbine without reheat. This means that the same 
station heat rate can be obtained with temperatures now con- 
sidered moderate and well tested as can ultimately be obtained 
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with temperatures outside the range of present-day central-sta- 
tion experience. 

The reduction in exhaust moisture means an improvement 
in stage efficiency in this section of the turbine and also reduces 
the erosion on the low-pressure blades. Since this erosion has 
been reduced by protective strips and by improved blade and 
cylinder construction, this factor is now relatively less important 
than when reheat was first introduced. 


EFFECT ON THERMAL EFFICIENCY 


A comparison of the saturated, superheat, and reheat steam 
cycles is shown on the temperature-entropy diagram, Fig. 1. 

In the saturated-steam cycle, feedwater is heated to its satura- 
tion temperature along line AB and evaporated along line BC. 
Steam then is admitted to the turbine and, in an ideal turbine, 
expands along the isentropic line CD. Exhaust steam is then 
condensed along line DA, returning to its initial point A. 
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In this cycle the total heat added is represented by area 
ABCLK, where KL is drawn at absolute zero, or —459.7 F. The 
heat rejected to the condenser circulating water is represented by 
area ADLK. Thus the heat converted into useful work, assum- 
ing an ideal turbine, becomes area ABCD and the thermal ef- 
ficiency of the cycle the ratio of area ABCD to area ABCLK. 

In the superheat cycle, feedwater is heated along line AB 
and evaporated along line BC as in the saturated-steam cycle. 
It is then superheated along CH before expanding through an 
ideal turbine along isentropic line HF and condensing along line 
FA. The incremental heat available for work is represented by 
area CHFD and, from inspection, it is apparent that the ratio of 
this added work to the heat added (area CHM L) is greater than 
that of the saturated-steam cycle. This means that the super- 
heat-cycle efficiency is greater than that of the saturated-steam 
cycle. 

In the superheat cycle, the actual turbine efficiency increases 
because of the reduction of moisture in the low-pressure stages, 
which adds further to the thermal advantage to be obtained from 
the use of superheat. 

In the reheat cycle, steam, after expanding through part of 
the turbine, such as to, point G, is resuperheated to point H, 
after which it.expands along line HJ to the exhaust. The addi- 
tional heat, added to the steam is represented by area GHNM 
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and the additional heat rejected to the condenser cooling waten@ 
area FJNM. 
Therefore it is evident that the use of reheating increases |f 
available heat from each pound of steam but at the expens¢ 
additional heat rejected to the condenser cooling water. 
further evident that, if the ratio of the incremental heat converyg 
into work to the incremental heat added is greater than 
corresponding ratio under the superheat cycle, a gain in therr#f 


efficiency, and, consequently, a reduction in fuel-consumpt™ 


rate, is accomplished. \ i | 
The point on the expansion line at which this reheating tal 
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(1450 psig, 1000 F initial temperature, 1000 F reheat temperature, 1.5 in. H 
abs; straight condensing operation, no pressure drop through reheate 


place has a decided effect on the gain in thermal efficiency to 
realized by reheating. In order to illustrate this more clearl 
the reheat portion of the temperature-entropy diagram has be 
enlarged in Fig. 2. It will be seen that if this takes place at t! 
upper part of the expansion, such as at point P, the thermal 
ficiency of the reheat part of the cycle, represented by the ratio « 
area PQRF to area PQSM, is relatively high. However, sin 
this increment is only a small part of the total work done, tk 
over-all effect on the thermal efficiency is comparatively smal 
If, conversely, the reheat takes place at the lower part of the e: 
pansion, such as at point 7, the incremental work done is a great 
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part of the total but its efficiency, represented by the ratio of area 
TUVWFE to area TUVXM, may be even lower than that of the 
nonreheat cycle, thus causing the reheat to have a detrimental 
rather than beneficial effect on the over-all thermal efficiency. 
It is therefore apparent that there is some intermediate opti- 
mum point where the greatest gain can be realized. This will 
be indicated on curves to be shown later. 

The reheat cycle has the same additional advantage as the 
superheat cycle, in that it further reduces the moisture in the 
low-pressure stages, and in this way increases the efficiency in this 
section of the turbine. 

The curves in Fig. 3 illustrate the increase in thermal efficiency, 
which corresponds to the reduction in heat consumption, to be 
realized from the use of reheating at various reheat pressures. 

The following assumptions have been made: © 


_ (a) Steam conditions—1450 psig, 1000 F initial temperature, 
1000 F reheat temperature, 1.5 in. Hg abs exhaust pressure. 

“(b) Pressure drop through reheaters and reheater piping— 
Zero, —--— é fn 

(c) No extraction of steam for regenerative feedwater heating. 


The lower curve, labeled cycle gain, shows the increase in 
thermal efficiency obtained from the reheat cycle alone, as- 
suming ideal turbine efficiency. The upper curve, labeled total 
gain, includes not only-the gain from the cycle but also reflects 
the improvement in turbine efficiency due to the elimination of, 
or reduction in, the amount of moisture in the low-pressure sec- 
tion. 

Similar curves for other steam conditions indicate that the 
shapes of the curve of total gain, plotted against the ratio of 
reheat to initial steam pressure, are practically identical for 
steam pressures from 600 to 2000 psig and for straight condensing 
operation with steam reheated to its initial temperature. It will 
be noted that the optimum gain from the use of reheat is about 
8!/, per cent, with this maximum improvement occurring at a 
reheat pressure of about 10 per cent of the initial pressure. - 

Unfortunately, an improvement of this magnitude cannot be 
realized in an actual installation because of several factors, the 
most important of which are the pressure drop through the re- 
heater and its piping, the number of stages of regenerative feed- 
water heating and, in some cases, the difference between the 
reheat and initial steam temperatures. 


EFrect oF PRESSURE Drop THROUGH REHEATER 


Zero pressure drop through the reheater and the piping to and 
from the reheater cannot of course be realized. In most cases, 
this pressure drop is of the order of 10 per cent of the absolute 
pressure at the exhaust of the high-pressure section of the tur- 
bine. Lower values can be obtained by the use of liberal-size 
reheaters, piping, and valves, but the cost of such oversize equip- 
ment usually cannot be justified economically. 

The effect of pressure drop is shown in Fig. 4. This curve 
indicates that the percentage gain in thermal efficiency obtaina- 
ble with reheat becomes only about 90 per cent of the values 
shown in Fig. 3 when a 10 per cent pressure drop occurs in the 
reheater and its piping. Thus a loss of 1 per cent of the percent- 
age gain in thermal efficiency is suffered for each per cent pres- 
sure drop, this loss being somewhat greater for reheat pressures 
below and above the optimum pressure. 


Errect or REGENERATIVE FEEDWATER HEATING 


The use of the regenerative cycle, or extraction of steam for 
heating the turbine’s own feedwater, has a compensating effect 
on the gain realized from the reheat cycle. By this is meant 
that the greater the number of stages of regenerative feedwater 
heating, the smaller the gain to be realized from the reheat cycle. 
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(1450 psig, 1000 F initial temperature, 1000 F reheat temperature, 1.5 in. Hg 
abs; 10 per cent pressure drop through reheater.) 


The effect of regenerative feedwater heating on the gain in 
thermal efficiency is illustrated in the curves in Fig. 5. From 
these curves it will be seen that this gain decreases as the num- 
ber of stages of steam extraction increases. 

These curves also show that regenerative feedwater heating 
not only influences the gain derived from reheat but also the 
optimum reheat pressure. Whereas this optimum reheat pres- 
sure is about 10 per cent of the initial pressure for straight con- 
densing operation, maximum gain in thermal efficiency will be 
obtained at about 20 per cent of the initial pressure for 4-stage 
regenerative feedwater heating operation. The gain from re- 
heat for five stages of extraction for regenerative feedwater heat- 
ing and for various steam conditions is shown on the following 
curves: 


SIO. wri As oe SOONER aca cette: Fig. 6 
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On these and subsequent curves, the term “pressure before 
reheater’’ means the steam pressure at the exhaust of the high- 
pressure turbine before the steam enters the piping to the re- 
heater. 

These curves indicate that the gain in thermal efficiency ob- 
tainable with reheat to its initial steam temperature is about 
4.6 per cent at optimum reheat pressure, this optimum pressure 
being slightly less than 25 per cent of the initial pressure. They 
further indicate that this reheat pressure can deviate materially 
from the optimum pressure without substantial loss. For ex- 
ample, an improvement in thermal efficiency of better than 4 
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per cent can be realized for a range in reheat pressure of from 
11 to 37 per cent of the initial steam pressure. 

These curves indicate values of increase in thermal efficiency 
for a range in reheat temperature of 100 F above and below 
the initial steam temperature. It will be recognized that tem- 
peratures in excess of 1050 F, shown in Figs. 8 and 9, are in ex- 
cess of present central-station operating experience. 
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EFFrect oF REHEAT TEMPERATURE 


The effect of reheat temperature on the increase in thermal 
efficiency is also indicated on the curves in Figs. 6, 7, 8, and 9. 
As might be expected, the thermal gain from reheat is increased 
by an increase in reheat temperature. 

Other factors which may affect thermal efficiency of the re- 
heat turbine are the type of turbine construction and, to a fairly 
minor extent, reduction in turbine leaving losses. 

The following formula can be used, within fairly broad limita- 
tions, to estimate the increase in thermal efficiency: obtainable 
from the use of reheat at optimum reheat pressure 


A n fp 
, = a25(1— 22) pee (pe, aa 
100 6 380 


reduction in heat-consumption rate realized by reheat, 
per cent 

Ap = pressure drop through reheater and reheater piping; 

per cent of absolute pressure before reheater 
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n = number of stages of regenerative feedwater heating 
t,; = initial steam temperature, deg F 
t, = reheat steam temperature, deg F 


For example, if we assume steam conditions of 1450 psi 
1000 F initial temperature, 1000 F reheat temperature, 1.5 in. 
abs with six-stage extraction for feedwater heating, and with 
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| 
10 per cent pressure drop through the reheater, the reduction in 
heat rate will be approximately as follows 


1 6 bs | 
paaas (rs GENS ; 1000 — 1000) 
100 6 330 | 


= 4.4 per cent | 


Thus if the heat-consumption rate of a nonreheat turbine 
operating under steam conditions of 1450 psig, 1000 F, 1.5 in. Hg 
abs is 8700 Btu per kwhr, the corresponding heat-consumption 
rate for 1000 F reheat under the conditions listed would become 
8700 X 0.956, or 8317 Btu per kwhr. 


EFFEct on Stram FLow 


The steam flow to the turbine is reduced materially by the 
use of reheat. This is shown in Fig. 10 for initial steam condi- 
tions of 1450 psig, 1000 F. Reductions in steam flow of about 
this same order are realized for other operating steam conditions. 

This reduction in steam flow will reduce correspondingly the 
size of the boiler and high-pressure steam piping and valves. 
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The size of feedwater, heating and boiler feed-pump equipment is 
also reduced correspondingly. 


Errect on Exuaust Ftow 


The exhaust-steam flow will be reduced by the use of reheat, 
as shown in Fig. 11 for steam conditions of 1450 psig, 1000 F. 
However, the reduction in the volume of exhaust steam is some- 
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(1450 psig, 1000 F initial temperature, 1000 F reheat temperature, 1.5 in. Hg 
abs; five-stage feed-heating epersios) 3 per cent pressure drop through 
reheater. 


what less because of its greater specific volume, as will be seen 
from the curve in Fig. 12. 

The heat rejected to the condenser is reduced to a lesser degree 
than the exhaust-steam flow, since the enthalpy of the exhaust 
steam is greater with the reheat than with the nonreheat cycle. 
This reduction in the heat rejected to the condenser cooling water 
is shown in Fig. 13. This reduction in the heat transfer in the 
condenser will reduce correspondingly the size of the condenser 
and its auxiliary equipment. 

Comparison of curves in Figs. 10, 11, and 13 discloses that 
the greatest reduction in throttle- and exhaust-steam flows is ob- 
tained at a rather low reheat steam pressure, about 7 per cent 
of the initial pressure, whereas the greatest reduction in heat 
absorbed by the condenser occurs at a much higher reheat steam 
pressure, about 25 per cent of the initial pressure. This is ex- 
plained by the fact that the lower the reheat steam pressure the 
greater the amount of heat added in the reheater and the heat 


available for useful work with, however, an increase of the heat 
rejected to the condenser cooling water. 


Errsct on Exuaust Moisture 


As stated previously, reheat reduces materially the amount of ~ 
moisture passing through the low-pressure section of the turbine. 
The effect on exhaust moisture for steam conditions of 1450 psig, 
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REHEAT 


(1450 psig, 1000 F initial temperature, 1000 F reheat temperature, 1.5 in. Hg 
abs; five-stage feed-heating ia gba sal 5 per cent pressure drop through 
reheater. 


1000 F initial temperature, 1000 F reheat temperature, 1.5 in. 
Hg abs exhaust pressure is illustrated by the curves in Fig. 14. 


TURBINE DESIGN 


Three types of turbine construction are now being considered 
by turbine builders. These three types are shown diagrammatic- 
ally in Fig. 15. 

In arrangement (A) three cylinders are used. Steam, after ex- 
panding through the high-pressure element, is reheated, after 
which it expands through the intermediate and low-pressure 
elements in series. 

In arrangement (B) high-pressure steam enters near the center 
of the combined high and intermediate-pressure element, pass- 
ing in one direction to the one end. After being reheated, the 
steam again enters near the center and passes in the opposite 


400 600 700 
PRESSURE BEFORE REHEATER = PSIA 


Fig. 14. -Errect or REHEAT ON ExHaust MOISTURE 
(1450 psig, 1000 F, 1.5 in. Hg abs.) 
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Fie. 15 Diagrammatic ARRANGEMENT OF Typrs OF TURBINE 
CoNnsTRUCTION 


direction to the other end of the same turbine element before 
passing to the low-pressure element. 

In arrangement (C) high-pressure steam enters one end, ex- 
hausts to the reheater near the center, after which the steam 
again enters near the center and passes in the same direction to 
the low-pressure end, before passing to the low-pressure element. 

Advantages and disadvantages can be offered for each of the 
arrangements illustrated. Arrangement (A) is slightly more 
efficient, is more conservative in that the high- and intermediate- 
pressure elements are separated into two cylinders, and thus in- 
volve shorter individual elements. It does, however, result in 
greater unit length, a factor which must be balanced against the 
benefits of slightly greater efficiency and more conservative de- 
sign. 

Arrangement (B) has the advantage of keeping the higher tem- 
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perature of the steam from both the main and reheat boiler 
in a relatively short section near the center of the high-pressurj 
element. However, because of the pressure drop across t. 
diaphragm, the leakage of steam through this diaphragm re 
sults in some loss in efficiency and also in some control difficul 
ties. 

Arrangement (C) has greater temperature difference acrosf 
the center diaphragm, but has the advantage of having praq 
tically no pressure drop across this diaphragm. | 


ContTROL PROBLEMS 


The design of reheat turbine units introduces novel proble al 
in the control of steam to provide adequate protection to thp 
turbine under all possible: normal and abnormal conditions fl 
service. For instance, in case of sudden and complete loss oF 
load, not only must high-pressure steam flow be cut off quickly ! 
but, in addition, the steam entrained in the reheater and its il 
piping must be prevented from returning to the turbine. Othe | 
considerations enter into the operation of starting and putting 
such turbines on the line, and of absorbing rapid load changes; 
In these matters, close co-operation between designers of th 
plant, boiler, turbine, and auxiliary equipment: is essential tq | 

} 
i 
i 


success. 
CoNncLUSION 


In this paper we have shown the advantages and disadvan: 


tages of the reheat cycle. The advantages are as follows: 


(a) Material reduction in heat and fuel-consumption rates. 

(b) Reduction in size and cost of main boiler, condenser, and 
heater equipment. 

(c) Reduction in exhaust moisture, resulting in lower blade 


erosion and higher stage efficiency in the low-pressure section. | 


Ht 
The disadvantages include the following: | 


(a) Greater unit length. 
(b) Higher costs of turbine and station piping. 
(c) Additional cost of reheater equipment. 


! 


i 
In weighing the advantages against the disadvantages of thef 


reheat cycle, it becomes apparent that the future adoption off 


this cycle will depend to a great extent upon the cost of fue 
and upon the load factor of the unit. 
cycle often will prove economically desirable on larger units 
where fuel costs and load factors are high. 


| 
i 
General operating experience has been favorable, resulting in) | 
low station heat-consumption rates with a high degree of relia H 


bility and no severe operating problems. 


If fuel costs remain constant or decrease and if, in addition, |}} 


i 


At the present time, this} 


} 


t 


| 


I 


[ 


} 


metallurgical developments produce materials permitting sub-4] 
stantially higher steam temperatures without sacrifice in relia 
bility and long life, the reheat cycle will again fall into disuse j} | 


as it did several years ago. If, on the other hand, fuel costs con- 
tinue to increase, as now appears probable, its cycle can bell 
justified for smaller and smaller units and will become increas-’ 
ingly popular. 
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Steam-Generating Equipment for 
Resuperheating Cycles 


By MARTIN FRISCH,! NEW YORK, N. Y 


This paper examines some of the technical and operating 
problems which must be faced in the selection of equip- 
ment to supply steam to high-pressure turbine-generating 
equipment employing steam resuperheated to high tem- 
peratures in the low-pressure section. The costs of steam- 
generating equipment per kilowatt of turbine-generator 
capability for resuperheating cycles are compared with 
costs of equipment for cycles which do not employ re- 
- superheating. The effects on equipment costs, of furnace- 
_ exit temperature limitations imposed by fuel quality and 
load range over which primary and resuperheated steam 
temperatures must remain constant, are examined in 
detail. Data are presented comparing present-day prices 
of steam-generating equipment per kilowatt of turbine- 
generator capability for several high-temperature and 
high-pressure resuperheating and nonresuperheating 
cycles usually employed in power stations. 


EVERAL new central-station units employing high-tempera- 
ture resuperheating cycles will soon be operating. These 
units, designed to conserve fuel, were planned by farsighted 

utilities operators to offset rising fuel costs. 

For many years one prominent utility in the Middle West has 
operated several units with turbine conditions as follows: 

Primary throttle steam at 1300 psig and 830 F; resuperheated 
steam at 375 psig and 835 F. 

The two resuperheating cycles recently given most serious con- 
sideration involve turbine conditions as follows: 


Cycle Br: - 


Primary steam to high-pressure turbine at 1450 psig and 1000 
F; resuperheated steam to low-pressure turbine at 400 psig and 
1000 F. 


Cycle Ar: 


Primary steam to high-pressure turbine at 2000 psig and 1050 
F; resuperheated steam to low-pressure turbine at 400 psig and 
1000 F. 

The design of steam generators for these conditions poses cer- 
tain problems which do not have to be considered when resuper- 
heaters are not included. 

The purpose of this paper is to review these problems and to de- 
termine how their necessary solutions affect the design and the cost 
of steam generators per kilowatt of turbine-generator capability 
for resuperheating units, as compared with nonresuperheating 
units. Two types of units will be considered: (1) Units utilizing 
convection surface only for superheating and resuperheating; and 
(2) units utilizing radiant superheaters in combination with con- 
vection surface. 


1 Vice-President in Charge of Engineering, Foster Wheeler Corp- 
oration. Mem. ASME. 

Contributed by the Power Division and presented at the Annual 
Meeting New York, N. Y., November 28—December 3, 1948, of THE 
American Socirry or MrcHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. Paper No. 48-—A-120. 


SUPERHEATING AND RESUPERHEATING ONLY BY CONVECTION 


Resuperheating units utilizing convection surface only for 
superheating and resuperheating are more difficult to design for 
equal fuel flexibility and reliability than nonresuperheating units 
for the same primary steam conditions. In order to illustrate 
this, the design problems posed by the now most seriously con- 
sidered resuperheating cycles Ar and Br are compared with those 
of the corresponding nonresuperheating cycles An and Bn for the 
same primary steam conditions. 

In Fig. 1 the operating conditions of these cycles are tabulated 
and curves are shown of the probable turbine-generator heat 
rates and the corresponding primary steam-throttle flow quanti- 
ties for steam turbine-generator units of various capabilities from 
50,000 to 150,000 kw. The operating conditions, probable heat, 
and throttle-flow quantities of one other resuperheating and three 
other nonresuperheating cycles usually employed are included, so 
that plant-cost comparisons to follow may be more readily under- 
stood. 

All of the cycles compared employ five stages of regenerative 
feedwater heating and exhaust to the condenser at 1.5-in. Hg abs. 
The steam generators are pulverized-coal-fired and have a full-load 
efficiency of 87 per cent. 

A serious problem in the design of conventional arrangements of 
high-pressure high-temperature steam generators for resuperheat- 
ing cycles, such as cycles Ar and Br, for which full primary and re- 
superheated-steam temperature must be realized over a wide load 
range, is the difficulty of providing sufficient heat in the gas leav- 
ing the furnace for this duty, unless small furnaces with higher 
furnace-exit temperature than had been considered. desirable in 
the past for nonresuperheating cycles are used. 

Fuel characteristics, particularly the slagging properties of the 
ash in the fuel will always govern furnace designs whether resuper- 
heating is required or not. Therefore the true temperature of the 
furnace gas entering the superheating and resuperheating zone 
should be limited at every load to preclude slagging. The maxi- 
mum tolerable temperature of gases flowing into closely spaced 
convection heat-absorbing surfaces is always lower than most 
purchasers think they can afford until mounting costs and labor 
problems, arising from necessary frequent manual deslagging, 
commence to bedevil them. 

While some comfort may be taken from the fact that ash con- 
taining iron compounds in certain forms tends to fuse at higher 
temperatures in oxidizing atmospheres than in reducing atmos- 
pheres in laboratory muffles, ash particles, unfortunately, do not 
‘behave equally well in actual furnaces. Generally, each floating 
particle still contains unconsumed incandescent carbon as it 
approaches the furnace exit. As long as its own temperature and 
that of the film of gas adhering to it and surrounding it remain 
high, this incandescent carbon continues to consume oxygen left 
in the film or which enters it by diffusion. It then goes after the 
CO, and H.O present and as long as sufficient heat flows into the 
particles from the surrounding gas to maintain the endothermic 
reducing process, the particles will be in a reducing film. So it is 
most unlikely that the gas film which surrounds the particle will 
provide that much-to-be-desired oxidizing atmosphere. 

Experience teaches that the accumulation of sticky particles on 
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| 
slag screen and superheater tubes proceeds even in very large 


furnaces designed to reduce furnace-gas-exit temperatures below 
ash-fusion temperatures. This often happens when the fineness is 
low and suspended particles which continue to burn smash against 
convection surfaces as they pass out of the furnace before freezing 
completely. In view of this and unavoidable temperature strati- 
fication, it is safer to predicate furnace-exit temperature on the 
fusion characteristics of ash in reducing atmospheres rather than 
in oxidizing ones. 

The convection surfaces of units designed to burn only liquid 
fuels also sometimes slag up: In fact, with some types of oils, 
such units may be more troublesome than units burning coal. 
The correction for this must be twofold: (1) The furnace-exit 
temperature should be limited as for units burning coal; (2) the 


tubes in the convection sections should be widely spaced. These! 
two effects sometimes combine to increase the size of the convec 
tion section to impractical dimensions and to increase the cost be 
yond what had been considered reasonable in the past. | 

The use of some radiant superheating surface makes it possible 
to design such oil-fired units with slagging oils at reasonable costJ| 
since the amount of widely spaced convection surface required ini 
such units will be less than in practical units of the convectiony 
type. 


Errect or Gas TEMPERATURE AND SuPERHEAT ConTROL RANGE! 


Fig. 2 shows the effect under ideal conditions of superheat con! 
trol range and gas temperature on the amount of superheater sur+ 
face required for the resuperheating (Ar, Br) and nonresuper-| 
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heating (An, Bn) cycles whose characteristics are summarized in 
Fig. 1, when only convection superheaters and resuperheaters are 
used. Fig. 2 shows that as the primary-steam pressure and tem- 
perature increase, the minimum gas temperature required to pro- 
duce a prescribed final steam temperature at any load with a 
given amount of superheating surface increases substantially. 
There is a further increase if resuperheaters are added. The full 
import of this may be appreciated by examining the solid curves 
in Fig. 2 which define the minimum gas temperature necessary to 
attain full final steam temperature at every fraction of full load 
from 60 to 100 per cent with constant amounts of superheating 
surface varying from 200 to infinity sq ft per 1000 kw for each of 
the cycles Ar, Br, An, and Bn. The surface values shown are the 
smallest that are ideally possible with perfect cleanliness, perfect 
gas and temperature distribution, reasonable draft loss, and safe 
metal temperatures. 

Superheater selections for actual installations would be larger. 
Superheaters larger than about 400 sq ft per 1000 kw approach 
the impractical in size. With 400 sq ft of superheating surface per 
1000 kw under ideal conditions the full-load gas temperature to 
the superheater will be no less than 1960 F for the 1450-psig 1000- 
deg F resuperheating cycle (Br). This corresponds to a furnace- 
exit temperature of about 2030 to 2050 F. This full-load gas tem- 
perature is sufficient only if the full final steam temperature is not 
required below top load, or if the pronounced tendency of the 
furnace-exit-gas temperature to fall as the load is reduced (as re- 
vealed by the dot curves) is offset by differential firing. If full 
final temperature is required at fractional loads as low as 70 per 
cent, the full-load gas temperature at the superheater, correspond- 
ing to the minimum gas temperature of 1935 deg at the super- 
heater required at 70 per cent of full load, will be 2080 F. This 
corresponds to furnace-exit temperature of 2150 F. 

Correspondingly for the 2000-psig 1050-deg F resuperheating 
cycles, the minimum full-load temperature at the superheater 
with 400 sq ft per 1000 kw would be 2115 deg with a correspond- 
ing furnace-exit temperature of about 2185 F. For control down 
to 70 per cent of top load, where a minimum temperature of 2075 F 
is required at the superheater, the corresponding temperature at 


TABLE 1 STEAM-GENERATOR DESIGN CONDITIONS FOR RESUPERHEATING AND NONRESUPERHEATING CYCLES 
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the superheater at full load would be 2235 F and the furnacey 
temperature 2305 F, unless the surfaces are selected on the bas@ 
differential firing. With the same amount of surface per kilo 

the corresponding nonresuperheating cycles require temy@) 
tures approximately 200 deg F less for equal control range. 

The reason for this is readily apparent from the following | 
siderations: 

The heat available at any load for superheating and resujj 
heating is determined by the weight of gas, its temperature er | 
ing the superheating and resuperheating zone and the lowest t 
perature to which the gas may be cooled before it escapes from 
superheater surface. This terminal difference seldom may bef 
duced to less than about 100 deg F at the minimum mene |) 
trol load without making the surface impractically large. 

The weight of gas at any load is determined by the efficied| 
and excess air. Its temperature is determined by the extern} 
effectiveness of the furnace heat-absorbing surfaces, excess ) 
flame volume, shape, location, and distribution with respect ta} 
furnace heat-absorbing surfaces. Some engineers overlook 
importance of some of these factors and use only the heat liby) 
tion in the furnace per square foot of projected furnace absork | 
surface as the basis for passing judgment on the adequacy «| 
furnace and the furnace-exit temperature to be expected. Chari] 
in these factors may affect the furnace-exit temperature }]) 
hundreds of degrees at the same liberation rate. | 

Table 1 sets forth the pertinent conditions which determ#! 
part-load superheater and resuperheater duty for the high-plf] 
sure resuperheating and nonresuperheating cycles under disaq 
sion, together with theoretical minimum temperatures of gas i 
the superheater, and the estimated corresponding maxi 1) 
furnace-exit temperature already referred to in the discussiox}) 
Fig. 2. 

Steam-generator prices are sensitive to arrangement and 
portions of the components. Therefore it is well to consider | 


= 


effects of steam conditions, furnace-exit temperature, and stedt| 


temperature control on surface proportioning in steam-generalj 
design. 
Fig. 3 illustrates the effect of these factors and makes it possi 
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to sense the complicated effects of changes in superheat-control 
range, and in the temperature of the products of combustion 
available to the superheater on the make-up of the pressure sur- 
face of steam generators. The distribution and total pressure 
surface requirements shown by the bottom curves in Fig. 3 are 
for steam generators which might be designed for several 100,000 
kw units, each working in accordance with one of the cycles desig- 
nated. To make the surface comparisons valid, the transfer rates 
and surface arrangements were selected for the duty so as to pro- 
duce with safe metal temperatures substantially the same draft 
loss and gas temperature leaving the pressure surface to enter the 
air heater at 700 F at full load. 

It should be of interest that in the nonresuperheating units for 
cycles, Bn and An, the effect of gas temperature and control range 
on the total pressure surface required is considerably less than 
the effect on the amount of superheater surface necessary. In the 
resuperheating cycles, the effects of gas temperature and control 
range on the total surface are more marked. Correspondingly, as 
may be seen from the upper part of the figure, the price per kilo- 
watt responds to changes in temperature and control range in a 
manner not to be ignored. The price data apply to steam gen- 
erators whose maximum capacity is just equal to the turbine- 
generator requirements at maximum capability and are approxi- 
mate in the absolute sense, but accurate as to the proportionate 
effects of design limitations. 

It is quite clear that arrangements of resuperheating units with 
superheaters and resuperheaters only of the convection type be- 
come prohibitive when a wide superheat-control range with a low 
furnace-exit temperature is required. Even with perfect fire con- 
trol, as may be seen from Table 1, the minimum practicable 
furnace-exit temperature with the 1450-psig resuperheating cycle 
is 1985 F, and with the 2000-psig cycle, 2155 F. These limitations 
preclude the choice of such steam generators for resuperheating- 
cycle installations in the Middle West or other regions where only 
coals with slagging ash are economically available. 


RESUPERHEATING Units WitH RapIANT SUPERHEATERS 


There are, and always will be, plants which must be ready to 
burn fuels with ash of very low softening temperatures. In such 
plants furnace release rates are usually limited to values which, by 
experience, are known to result in slag-free operation with the 
worst available fuels. The 1450 (Br) or 2000-psig (Ar) resuper- 
heating cycles described cannot have the same fuel flexibility, 
freedom from slagging, and operating continuity as the corre- 
sponding nonresuperheating cycles, (Bn and An), unless enough 
radiant superheating surface is used to accomplish the required 
superheating duty over the required load range with lower fur- 
nace-exit temperatures than those shown to be required if only 
convection superheaters are used. 

Several of the resuperheating installations now under con- 
struction will employ superheaters and resuperheaters only of the 


TABLE 2 DESIGN CHARACTERISTICS OF SOME RESUPERHEATING INSTALLATIONS 
AND RADIANT RESUPERHEATERS WIth et eee 
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convection type. These units, necessarily, will have to oper: 
with temperatures entering the superheater several hundred 4 We 
grees higher than would be required or considered acceptable } 
conventional nonresuperheating units for the same primary-stesq i 
conditions purchased contemporaneously. It will be interesting), 
see to what extent the choice of fuels for these units will have to |i) 
restricted to nonslagging types after they go into service. 
Complete freedom in the selection of fuels for resupéf) 
heating units may be obtained by using superheaters and i 
superheaters which include radiant heat-absorbing sections. _ 
resuperheating unit of this type is now under construction fo He 
utility which has installed and operated four such units, and th) 
year purchased a fifth. This utility, since about 1931, when| 
adopted resuperheating, has had extremely satisfactory experien} 
with designs including radiant superheaters and radiant resupé i 
heaters. The design conditions of these units are given in Table # 
These units were designed to operate with furnace heat releas#)_ 
of the order of 15,000 Btu per cu ft per hr and therefore wil i 
furnace-exit temperatures so low as to preclude slagging of t 
convection heating surfaces with any fuel. It would have bee 
impossible to design these units without the use of radiant steam 
superheating surfaces. 
Since the use of radiant superheating and resuperheating su 
faces makes possible the design of steam generators which will nef 
slag with any fuel, why do many purchasers still prefer resupe#/ 
heating units, including superheaters and resuperheaters only | 


J 
i. 


the convection type, which are more likely to slag up except wi 
very good fuels? This is perhaps so because not all engineey| 
realize that there are in the United States many units operating 4} 
pressures of 900 to 1500 psi with steam temperatures at 925 f 
1000 F, which include radiant superheaters and resuperheatert} 
and that, in the aggregate, in these modern units difficultie i 
attributable to the use of radiant superheaters are negligibl i 
Since there is so much to gain in freedom from slagging and i l 
operating reliability from the use of radiant surface for supe 1) 
heating and resuperheating, engineers who contemplate the ir ) 
stallation of resuperheating units will find it advantageous to cont! 
pare the advantages and limitations of radiant convection co my) 
binations with self-compensating load-temperature characteris}} 
tics, as against exclusively convection arrangements with stee} 
load-temperature curves. 


H 
CoMPARATIVE PRICE OF RESUPERHEATING AND NONRESUPER: 
HEATING STEAM GENERATORS 


i 
) 
i 
Here of course economics rears its ugly head and therefore iff 
will be of interest to examine the effect of design and ene a 
of resuperheating and nonresuperheating units for the sami 
primary conditions on price. Fig. 3 shows how make-up and price i 


of a steam generator for a turbine generator with a capability} 


of 100,000 kw are affected by design limitations. It should be oll 
interest that resuperheating units employing radiant superheater: 
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Fig. 5 Errecr or CycLte AND TURBINE S1zE ON Price or STEAM GENERATORS 


are cheaper when fuel conditions prescribe low furnace-exit tem- 
peratures, and when operating requirements call for superheat 
control over a wide load range. A modern design of this type is 
shown in Fig. 4. 

The cost of resuperheating steam generators per kilowatt tur- 
bine-generator capability is nearly the same as, and under some 
conditions, less than for nonresuperheating units for turbine gen- 
erators of the same capability. Fig. 5 illustrates the effect of unit 
size and cycle type on the cost of resuperheating and nonresuper- 
heating steam generators for a full-load gas temperature of 2000 F 
at the superheater, other conditions as given. The top curves in 
Fig. 3 show that for fuels requiring furnace-exit temperatures of 
less than 2000 F, resuperheating units of the convection type 
quickly tend to become impractical, prohibitive in price, and even 
impossible, whereas units with radiant sections are still eco- 
nomically feasible. 

This disadvantage of the convection type may be offset to some 
extent by providing differential firing equipment which may be 
used to increase the furnace-exit temperature as the load is re- 
duced. If this is done, the amount of superheating and resuper- 
heating surface is reduced, being determined by top or near-top- 
load requirements rather than by part-load conditions. 

Fig. 6 shows a twin-classifier twin-exhauster ball-mill arrange- 
ment which has been used for superheat control by differential 
firing for some 10 years, in single as well as in twin-furnace units. 
In single-furnace units, two rows of burners at different elevations 
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are fired at different rates 
varying therelative proportag) 
of fuel delivered to each f | 
Each row is fired by a seq’ 
rate exhauster whose outjil) | 
may be adjusted as requi 
The furnace-exit tempcrati 
may be changed by 100 or maj 
deg by shifting the fuel prow)’ 
tions between upper and loy 
burners. Fig. 7 shows a sing , i 
furnace resuperheating We 
with differential firing equi) 
ment arranged for some fi 
nace-exit-temperature contr} 
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ConTROL CHARACTERISTICS | ) 
RESUPERHEATING UNITS 


Fig. 8 shows the steam-tel] 
perature control characteris 
of typical resuperheating umf! 
of three types for the1450-pip, 
Brcycle. Section (a) descrili 
the behavior of a unit such |f 
shown in Fig. 4, includilg) 


tion superheater and a ¢ i 
vection resuperheater. In spi 
of the naturally steep load-f 
nace exit temperature char 
teristics of furnaces, the fiq 
primary-steam-temperati | 
curve of such a unit is 


i 


} 


if 


pensating characteristics of ¢ ) 


4 
i 


radiant and convection section} 
In the radiant section the steal} 
temperature increases s 
ciently to compensate for tl} 
steam-temperature decrease in the convection section as the loaf} 
decreases. The net result is that little or no control is require}}} 
The convection resuperheater is designed for the minimum loaf] 
at which the full turbine-load resuperheater steam temperature i 
required. As the load increases, the temperature tends to ii} 
crease above the desired value and must be kept down by by} 
passing gas around the resuperheater or by desuperheating wit} 
a water spray. | 

Section (6) shows the behavior of a unit such as shown in Fig. 
with superheating and resuperheating sections only of the com 
vection type designed for steam-temperature control down to 4 
per cent of full load with standard firing, and section (c) for dil 
ferential firing. For the same control range, the unit designed fail 
differential firing requires less superheating and resuperheatinil| 
surface and less total pressure surface for the same efficienc) 
However, there is a slight penalty for this steam-temperature co il 
trol by furnace-temperature control, reflected in a loss in efficiencit 
at partial loads, because the increase in furnace temperature pr 
duced to raise the steam temperature is reflected in an increase iil 
exit temperature, as compared with that attained in a unit wit 
standard firing for the same control range. In twin-furnace uni 
with differential firing, the increase in temperature in one furnac | 
is nearly compensated [ or by a decrease in the other, and the effec! 
on unit exit temperature and efficiency is practically nil. 

Since any change that must be effected in the temperature o 
the primary steam reacts on the temperature of the resuperheated 


FRISCH—STEAM-GENERATING EQUIPMENT FOR RESUPERHEATING CYCLES 715 


eam. also, the problem of con- 
rol is the more difficult the more 
ach temperature has to be con- 
rolled separately. 
pect, units with radiant super- = 
eating sections are the least 
roublesome because, as may be 
sen from section (a) Fig. 7, prac- 
cally no control is required to 
laintain the primary-steam tem- 
erature constant over a wide 
ad range. By using resuper- i] 
eaters exclusively of the radiant 
ype, the control problem is fur- 
her simplified because the re- 
iperheater duty imposed by the 
ycle and the resuperheating ca- 
acity of a radiant superheater 
oth increase with decreasing 
yad and are approximately com- 
lementary. 


RESUPERHEATING Units WITH 
Rapiant RESUPERHEATERS 


While it might have been of 
iterest to extend the economic 
omparisons of this paper to in- 
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OPERATING PROBLEMS 


While operating limitations of 
esuperheating units imposed by 
he slagging characteristics of 
he ash in the fuel are more 
avere, and starting and con- 
rol problems somewhat more 
ifficult, in other respects prop- 
rly designed resuperheating 
nits are no more troublesome to 
perate with equal reliability and 
vailability than nonresuperheating units for the same primary 
eam conditions. 

The design of resuperheaters for long life and trouble-free be- 
avior requires considerable care because of the limited resuper- 
eated steam-pressure drop allowable. This, for the cycles con- 
dered, is about 20 psi at full load. Because of this the arrange- 
1ent, design, and operation of the burners require particular care 
: order that the gas flow, heat, and temperature distribution over 
1e entire surface be as nearly uniform as possible. 

Since the steam-flow rates in the elements are quite well de- 
rmined for each design by the allowable steam-pressure drop, 
nd the metal temperatures at these steam-flow rates by heat- 
bsorption rates, gas, and steam temperatures, adequate alloys 
ust, be used in each section to suit the conditions. These metal 
lections and their proportions have a marked influence on the 
st and life. 


CONCLUSIONS 


1 Steam generators for turbine generators employing resuper- 
eating cycles cost little if any more and may, for a small steam- 
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Fig. 6 Twin-ExuaustTer Bati-Mitt ARRANGEMENT FOR DIFFERENTIAL FIRING 


temperature control range, cost less than steam generators for 
nonresuperheating units for the same turbine capability and 
primary-steam conditions. 


2 Resuperheating units with-superheaters and resuperheaters 
entirely of the convection type are more difficult to design for low 
furnace-exit temperatures and are more restricted as to choice of 
fuel than the nonresuperheating units. 


3 Resuperheating units with radiant superheaters and re- 
superheaters are not restricted as to choice of fuel, and while more 
expensive for small steam-temperature-control ranges and high 
furnace-exit temperatures, they become cheaper than units of the 
exclusively convection type for furnace-exit temperatures under 
about 1960 F for the 1450-psi, and about 2130 F for the 2000-psi 
cycle. 


4 While operating limitations of resuperheating units, im- 
posed by the slagging characteristics of the ash in the fuel are 
more severe, and starting and control problems require more care, 
resuperheating units require little more skill to operate than non- 
superheating units for the same primary-steam conditions. 
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Fic. 8 Conrrot CHARACTERISTICS OF RESUPERHEATING STEAM GENERATORS WITH AND WITHOUT RADIANT SUPERHEATERS 


5 Secondary but important effects, tending to reduce the first 
cost of resuperheating plants, is the reduction in the capacity of 
fuel-handling and storage facilities, feed pumps, heaters, evapora- 
tors, condensers, and condenser auxiliaries. The auxiliary power 


for coal-handling, preparation, and pulverizing, and in pumping 
water, air, and flue gas will be less, too, per kilowatt- hour gen- 
erated, and station sendout per kilowatt turbine capability will be 
greater. 


High-Pressure Boilers With Reheaters 


By W. H. ROWAND,! A. E. RAYNOR,? anv F. X. GILG,? NEW WORKS N= Ye. 


When power generating equipment is designed to oper- 
ate within the reheat steam cycle, the steam generating 
unit includes a reheat section in which partly expanded 
steam, returned from the turbine, is reheated before final 
expansion takes place. Reheat boiler units which have 
been in service for more than 20 years are described, to- 
gether with some modern high-pressure high-tempera- 
ture units. Comparison of reheat with nonreheat steam 
generating units to generate the same kilowatt capacity 
at the same boiler efficiency and draft loss is shown, to- 
gether with estimated cost increase of the reheat boilers. 


N THE design of new equipment to produce electrical energy, 
engineers are searching constantly for improved steam-cycle 
efficiency which will produce a kilowatt from fewer heat 

units to offset rising costs. The use of higher steam pressures 
and temperatures improves steam-cycle efficiency. The applica- 
cation of the reheat steam cycle also improves steam-cycle 
efficiency. The purpose of this paper is to describe the applica- 
tion of reheaters to modern high-pressure boilers. 

In the reheat steam cycle, partly expanded steam is withdrawn 
from the turbine and led to a reheater in which the steam is 
reheated, i.e., its temperature and heat content are increased. 
From the reheater, the steam is led back to the turbine or another 
turbine to complete its expansion. As can be seen from a tem- 
perature-entropy chart, a greater portion of the heat added to 
the steam in the reheat cycle is converted to useful energy than 
would be possible in a normal steam cycle without reheat. 
Also, the moisture content of the steam in the low-pressure stages 
of the turbine is reduced so that destructive erosion of the turbine 
blades is minimized. 

When a high-efficiency steam generating unit is available as 
part of the equipment in a reheat steam cycle, the net heat rate 
in Btu required to produce a kilowatt of electrical energy is 
reduced. A major factor in operating cost is reduced. 

Boilers equipped with reheaters for heating steam, after it has 
given up some of its energy through partial expansion in a turbine, 
have been in service for more than 20 years. In the mid-twenties, 
pioneering in steam pressures progressed very rapidly from the 
450-psi level to 1200 psi. Available materials and designs, how- 
ever, limited steam temperatures to 750 F, and this temperature 
limitation, with the straight-expansion cycles then in common 
use, imprisoned much of the inherent advantage of higher steam 
pressures. Reheating offered a solution. 

Obviously, the theoretical heat conservation from reheat had 
to be very carefully guarded against the rapid inroads of costs for 
design, construction, and operation of the reheat equipment, 
but the efforts of the station designers and of the manufacturers 
finally produced a balance clearly in favor of reheat. 

With the development of alloy materials suitable for higher 
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temperatures, it became more profitable to invest in the non- 
reheat system with higher primary-steam temperatures, and to 
give up the relatively less productive savings from reheat. 
Now we are again reaching a temporary limitation in steam 
temperatures, and with the rapidly increasing cost of fuels, the 
reheat cycle is again becoming popular, but at a much higher level 
of temperature and pressure than that at which it was attractive 
in the mid-twenties. Reheater units are being built today for 
primary-steam temperature of 1050 F, reheat-steam temperature 
of 1000 F, and initial pressures up to 2500 psi. 

The use of higher steam pressures and temperatures has re- 
sulted in a steady reduction of station heat rates on new generat- 
ing equipment. There does not seem to be much probability 
of using pressures higher than 2500 psi. The possibility of 
future improvement lies more in the direction of higher tempera- 
tures, but, for the time being, 1100 F is about the top commercial 
limit to high temperatures at high pressures. Therefore utility 
engineers, in their relentless pursuit of lower costs in generating 
power are again considering the reheat cycle at temperatures of 
1000 F and even 1050 F, and are finding that, in some cases, it is 
economically justified in the light of present-day fuel costs. 

Reheaters are actually superheaters and are generally installed 
as convection surface in a boiler setting. In the mid-twenties, 
a few live-steam reheaters were used. Reheaters are subject 
to the same design factors as superheaters, requiring the correct 
amount of surface, arranged with the proper internal and ex- 
ternal flow areas to insure satisfactory tube-metal temperatures 
and a uniform distribution of steam and gas flow over the re- 
heating surfaces. Actually, reheater design is more difficult 
because of the necessity of designing for a minimum pressure 
drop in the reheater and the connecting piping. The surface 
should be installed in a zone where the temperature of the gas 
is high enough to insure economical use of the heating surface and 
low enough to insure freedom from tube slagging. 


REHEATER INSTALLATIONS 


In the early installations, reheaters were installed above or 
behind the boilers. The unit shown in Fig. 1 was designed and 
built about 1925. The reheater is located in the upper part of the 
boiler setting, between the boiler tubes and the horizontal cir- 
culating tubes. The boiler and superheater deliver steam at 
1050 psi and 710 F to the high-pressure turbine from which partly 
expanded steam of 365 psi and 505 F is returned to the boiler 
for reheating to 700 F; from where it is discharged into the 350- 
psi header serving the low-pressure turbine. A guillotine damper, 
movable in a vertical direction, regulates the steam temperature 
leaving the reheater by varying the amount of gas passing over 
the reheater surface. Similar but larger steam generators with 
reheaters were installed in this plant in 1929. 

The unit shown in Fig. 2 was built about 1928, and is typical 
of several other units built about that time. The reheater was 
installed above and to the rear of the boiler and was of sufficient 
size to reheat the steam supplied to the turbine by three boilers 
generating steam at 730 psi and 750 F. Partly expanded steam 
entered the lower drum of the reheater section at 190 psi and 490 
F. The temperature of the steam leaving the reheater was 
raised to 760 F. 

In each of these examples of the early application of reheaters, 
the design of the boilers was such that the reheater surface was 
traversed by flue gas having a temperature of about 1200 F, 
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Obviously, less surface would be necessary and higher steam 
temperatures possible, if the reheater surface could be installed 
in areas where the gas temperature is higher. As will be shown 
by subsequent illustrations, the design of modern high-pressure 
high-temperature high-capacity boilers to operate with high 
availability, lends itself much more readily to the application of 
reheater surface in zones where the gas temperature is much 
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higher, resulting in a more economical use of the installed surface. 

Another favorable factor, which developed in the intervening 
years, is the more general use of the single-boiler single-turbine 
arrangement, which results in much simpler piping connections 
between the turbine, superheater, and reheater. 

A more recent application of reheaters is shown in Fig. 3, a 
pulverized-coal-fired slag-tap unit in the Twin Branch Station.‘ 
This unit is designed to generate 550,000 Ib of steam per hr at 
2300 psi and 940 F primary steam conditions, with the partly 
expanded steam reheated at 400 psi to 900 F. The reheater 
surface of this unit is in three sections. The first section is a 
downflow convection section from header H to header J, located 
just above the screen tubes protecting the entrance to the con- 
vection section. The reheater section in this area occupies about 
1/, of the width from side wall to side wall, the remaining 3/, 
being occupied by a similar tube bank of the primary super- 
heater. The second section of the reheater surface forms the 
side walls of the first and second open passes, from header K to 
header L. The steam flows upward and collects at the top in a 
loop header M from which the reheater tubes emerge to form the 


4“Operating History of the 2500-Psi Twin Branch Plant,” by 
Philip Sporn and E. G. Bailey, Trans. ASME (Supplement Section— 
Furnace Performance Factors), vol. 66, 1944, 16 pp. 
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roof over the open pass and thence downward, behind the open}}} 
pass baffle-wall tubes to form the screen, and thence under the 
hopper-floor tubes to an outlet header N. 

The first section is located in a convection zone, and the othe 
two sections are located in areas where radiant heat absorption is} 
predominant. 

This unit has been operating successfully for more than 7/j 
years. It operates at maximum load with yearly outages.|| 
Its availability has been in the order of 95 per cent. The station}. 
heat rate of the unit served by this reheat steam-generating unit} 
is approximately 10,000 Btu per net kw. 

At these higher temperatures the control of the steam tempera- 
ture is important from the standpoint of maintaining turbine} 
efficiency and avoiding excessive metal temperatures in the} 
turbine, superheater, or reheater. In this unit, designed for|| 
550,000 lb of steam per hr, the primary steam temperature is' 
controlled by means of a spray attemperator, spraying high-| 
pressure feedwater in the steam leads between the primary and | 
secondary sections of the superheater. The steam temperature | 
from the reheater is controlled by varying the gas flow over the 
convection section of the reheater surface by means of dampers 
at the outlet over the reheat section of the unit. 

Experience gained on this unit has permitted a simplification 
of the arrangement of surfaces in later designs. Fig. 4 shows a 
larger unit for the same station, designed to generate 930,000 Ib 
of steam per hr at 2080 psi and 1050 F, and to reheat 835,000 : 
lb of steam per hr at 425 psi from 662 F to 1000 F. The steam- 
generating unit is designed to operate with an efficiency of 89.3 
per cent. The combination of this higher boiler efficiency with 
the use of the reheat steam cycle with regenerative feedwater 
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(930,000 lb per hr, 2080 psi, 1050 F, 1000 F reheat. 


heating wili result in a station heat rate of about 9300 Btu per 
net kw. 

All the superheater and reheater surfaces are located in the 
convection section of the unit, the reheater being installed be- 
tween two sections of the high-pressure superheater. 

With primary steam temperatures of 1050 F and reheat steam 
temperature of 1000 F, it is necessary to have the most accurate 
control available for steam temperature and reheat temperature 
for reliability. Spray attemperators are being used because of 
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the successful experience over a period of 7 years with the unil 
shown in Fig. 3, and many other high-temperature units. TH 
spray atttemperator for controlling primary steam temperatuil 
is located between two sections of the high-pressure superheate’ 
The attemperator for controlling reheat steam temperature | 
located in the inlet pipe of the reheater. 

Fig. 5 shows diagrammatically, the design of spray attemperd: 
tor used in these installations. Feedwater is introduced into th 
steam pipe through an efficient atomizing spray nozzle. T 
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atomized spray is mixed effectively with the steam by a Venturi- 
shaped liner, insuring rapid evaporation and superheating of the 
spray water. The liner prevents any spray water from reaching 
the pressure piping, thus eliminating any possibility of tempera- 
ture shock and the quench cracking that has occurred in some 
unlined steam pipes. 

Fig. 6 shows the diagrammatic arrangement of the spray- 
attemperator contro] and piping. The pressure drop across the 
feedwater-regulator valve, economizer, and primary section of 
the superheater is utilized to force the feedwater through the 
attemperator pipe and spray nozzle. Temperature elements 
in the steam lines automatically control the amount of water 
passing through the regulator valves. To further assure in- 
stantaneous response, the control relays are locked with steam- 
flow or air-flow impulse: This arrangement assures close control 
of temperature at the desired level throughout the design load 
range for constant temperature. 

Fig. 7 shows the design of units being built for the Philip 
Sporn Station,® shown in Fig. 8. The capacity and steam condi- 


5 “The 2000-Psi, 1050 F, and 1000 F Reheat Cycle at the Philip 
Sporn and Twin Branch Steam-Electric Stations,” by Philip Sporn, 
Trans. ASME, vol. 70, 1948, pp. 287-294. 
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tions are the same as for the unit in Fig. 4 but the furnace is 
designed for dry-ash removal. The convection section will be 
very similar to the convection section of the slag-tap unit in 
Fig. 4. 

In order to increase the steam-temperature control range, these 
units are being designed to recirculate flue gas from the economizer 
outlet at partial load back into the furnace adjacent to the burn- 
ers. This will have the effect of decreasing the radiating tem- 
perature and absorption in the furnace, thereby increasing the 
héat content of the gases to the superheater and reheater. 

Fig. 9 shows a modern radiant-type boiler designed to generate 
575,000 Ib of steam per hr at 1500 psi and 1000 F, reheating 502,- 
000 Ib of steam per hr at 417 psi from 697 F to 1000 F. The outlet 
superheater tubes and the location of the outlet header are 
arranged with sufficient flexibility to accommodate the entire ex- 
pansion of the piping. The reheater is located in the intermediate 
gas-temperature zone between two sections of the superheater. 
The reheater outlet is also arranged to accommodate the expan- 
sion of the piping to the low-pressure turbine. Crossflow of the 
gases is utilized throughout the superheater and reheater to ob- 
tain optimum absorption efficiency of the heating surface. On 
this type of unit, considerable temperature adjustment can be ob- 
tained by using different combinations of burners at different 
loads. 

Fig. 10 shows a pulverized-coal-fired slag-tap unit for Oswego 
Station, designed for 655,000 lb of steam per hr at 1450 psi and 
1000 F, reheating 575,000 lb of steam per hr at 405 psi from 701 F 
to 1000 F. Primary and reheat steam temperatures will be con- 
trolled to 70 per cent of full load with spray attemperators be- 
tween the primary and secondary superheater sections and at the 
inlet to the reheater. The same furnace-design factors were used 
on this job as were used on the similar nonreheat unit in the same 
station which has been in operation several years. 

Fig. 11 shows a cyclone-furnace-fired slag-tap unit for Wauke- 
gan, designed for 830,000 lb of steam per hr at 1850 psi and 1010 F, 
reheating 733,000 Ib of steam per hr at 550 psi from 690 F to 1010 
F. Primary and reheat steam temperatures will be controlled by 
spray attemperation down to 65 per cent of full load. The tem- 
perature-control range is further extended to less than half load 
by recirculating gases from the economizer outlet to the furnace 
to reduce the radiating temperature, which in turn reduces the 
heat absorbed in the furnace and increases the heat content of 
gases to the superheater. 


OPERATION 


It is essential to design the boiler, turbine, and their intercon- 
nections so that they will have sufficient flexibility and safety 
during normal starting up and shutting down and also during 
emergency trip-outs and restoration to full-load conditions. The 
inclusion of reheaters introduces additional considerations to the 
co-ordinated design. 

Fig. 12 shows diagrammatically the connections between the 
boiler and turbine for the units shown in Figs. 4 and 7. There is 
the usual automatic emergency stop valve in the high-pressure line 
between the boiler and turbine and the usual control valves on the 
high-pressure turbine. Two spring-loaded safety valves and 
power control valve are located at the superheater outlet. As re- 
quired by the Code, safety valves, having a relieving capacity of 
100 per cent of the capacity of the unit at 450 psi, are located on 
the lines between the high-pressure turbine and the reheater, and 
on the pipe between the reheater and low-pressure turbine. An 
automatic interceptor valve is located just ahead of the low-pres- 
sure turbine to prevent it from overspeeding in case the high- 
pressure stop valve trips. The customary drains are located on 
the superheater and reheater headers and steam piping. 

The normal starting-up schedule, as worked out for these 
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high-pressure units, calls for firing the boiler with pulverized co: 
and oil torches at low input, bringing the unit from cold to fu 
load and temperature in about 8 hr. 

Another important consideration is the handling of the uni 
during an emergency trip-out and providing for adequate protec 
tion of the equipment and facilities for restoring the load 
rapidly as possible. For the units shown in Figs. 4 and 7, wher 
the reheater is located in an intermediate gas-temperature zor 
between two sections of the superheater, a simple straightforwar 
method of handling the unit under these conditions has bee 
worked out, without having to restort to the complications « 
steam by-pass lines, reducing valves, and the like. The hig 
pressure trip valve, the throttle valve, and the interceptor valv 
are each being provided with an additional contactor, which wi 
be wired through the interlock system to trip out one or moi 
pulverizers automatically after a time delay of a few seconds aft 
closing. 


Bortnr ComparisoN—WITH AND WITHOUT REHEATERS 


The number of Btu required to produce a kilowatt at variot 
steam pressures and temperatures, with and without reheat, ind 
cates that the reheat cycle requires fewer Btu. The question the 
becomes: ‘What is the relative cost of the high-pressure hig] 
temperature unit. without reheat as compared with the rehe: 
unit for the same conditions?” This question has been considers 
many times. Boiler designs have been prepared for units with ar 
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without reheat to help arrive at the over-all cost of the two types __ general, is less costly than reheater surface because some alll 


of units. Several items of course must be considered in arriving materials are required in the reheater. 


at the economic answer, the cost of boiler, piping, turbines, and The percentage distribution of economizer, superheater, «i! 
control equipment. reheater heat absorption is indicated in Table 1, calculated fo} 


To get comparable answers on boiler costs, the designer must 


reheat and nonreheat unit, designed for 1500 psi and 1000 


take into account the fact that the heat input and primary-steam primary and reheat steam temperature with 425 F feedwater te 


output of the reheat unit will be less than those for the nonreheat _ perature: 
unit when both are.designed to produce the steam required to 


) 
generate the same number of kilowatts from the same primary- TABLE 1 HEAT-ABSORPTION DISTRIBUTION IN NONREHE 


So. ’ : AND REHEAT UNITS 
steam conditions and at ithe same boiler efficiency and draft 


loss. one ppeorbed in furnace and boiler, per cent....... 
3 ‘ ; eat absorbed in superheater, Gacrsramcaiesnetoat 
Therefore the width of the reheat unit will be smaller, The chedies cocae 


nonreheat unit will have more economizer surface to make up for Heatabsorbedin economizer, percent... 2.1.01...) 


: ¥ s Total, percent........... 
the heat absorption of the reheat surface. Economizer surface, in Heat absorbed in air heater, per tonto 
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Design and price studies have been prepared for 60,000-kw, 80,- 
)00-kw, and 125,000-kw units, some designed for liquid-ash re- 
noval, others for dry-ash removal. All of the units have overload 
apacities above these ratings. The steam requirements specified 
lave not always been identical for the various sizes, but they have 
een reasonably close. Typical maximum-load steam require- 
nents, specified by various companies for these units, have been 
bout as indicated in Table 2. 

A typical unit designed for dry-ash removal to satisfy the steam 
equirements of the 60,000-kw turbine is shown in Fig. 9, the 
25,000-kw unit with a dry-ash-removal-type furnace is shown in 
‘ig. 7, and a liquid-ash-removal-type unit is shown in Fig. 4. 

The design and price studies made to date indicate that when 
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TABLE 2 TYPICAL MAXIMUM LOAD STEAM REQUIREMENTS 


Nominal turbine rating, kw................... 60000 80000 125000 
Steammlownlb per hr.) 8-..seie gongs ee ere 575000 670000 930000 
Pressure of steam at superheater outlet, psi..... 1500 1500 2080 
Temperature of steam at superheater outlet, deg F 1000 1000 1050 
Pounds of steam to reheater, lb per hr......... 000 606000 840000 
Pressure of steam at reheater inlet, psi......... 4 4 420 
Pressure of steam at reheater outlet, psi........ 392 385 390 
Temperature of steam at reheater outlet, deg F. . 1000 1000 1000 
Temperature of feedwater to economizer, deg F. . 492 435 A441 


the two types of units are designed to generate the same kilowatts, 
the reheat-boiler unit designed for 1500 psi and 1000 F costs 
about 5 per cent more than the nonreheat boiler. The difference 
in price between the reheat and nonreheat boiler is approxi- 
mately the same for the 60,000-kw and the 80,000-kw units 
whether designed for liquid-ash removal or dry-ash removal. 

The reheat boiler designed for 2035 psi at the superheater 
outlet, 1050 F primary-steam temperature, and 1000 F reheat- 
steam temperature costs about 7.5 per cent more than the non- 
reheat boiler designed for the same superheater-outlet pressure 
and temperature. 

In both instances the standard and reheat boilers are designed 
to produce the same number of kilowatts, with the same range of 
steam-temperature control, same boiler efficiency, and draft loss. 


CONCLUSIONS 


Reheaters have been in service for more than 20 years. Design 
and operating experience from these installations is available for 
application to modern steam-generating units for high pressure 
and temperatures. Five boilers of the Fig. 7 design, two boilers of 
the Fig. 9 design, and one boiler each of the Fig. 4, Fig. 10, and 
Fig. 11 designs are now being built. Many others are contem- 
plated and in the design stages. Whether the added cost of the 
reheat cycle is economically justified depends upon a careful 
analysis of all the pertinent factors in each individual case. It 
is our opinion that the reheat cycle is practical from the stand- 
point of design and operating reliability. 


Modern Reheat Boilers 


By W. S. PATTERSON,! NEW YORK, N. Y. 


This paper gives a brief historical résumé of reheat 
rogress followed by a discussion of the design factors 
yhich dictate the size, shape, and proportions of a large re- 
eat steam generator. A few typical installations are 
lustrated and discussed, and general comments on opera- 
ional procedures are included. 


PROGRESS IN REHEAT BoILERs 


stations, dating back more than 20 years, reheating of the 

steam was done in separate reheaters. Steam was generated 
¢ 550 psi and superheated to 750 F in a conventional boiler unit, 
hen expanded through a turbine to 105 psi, reheated at that 
ressure to 700 F in a separately fired reheater, and then ex- 
anded in a condensing turbine. Some of the early reheat installa- 
ions used steam-to-steam reheaters and others used a two-stage 
rrangement combining gas-to-steam and steam-to-steam. 
_A few years later units were built with the reheater located 
vithin the confines of the steam generator, and some of these 
nstallations employed radiant reheat surface. Several such 
nits are in satisfactory operation, and in a few cases dupli- 
ate units were installed at a later date. Obviously, extreme 
are must be exercised to protect the reheater during the start- 
ip, but in spite of this, some such units have been cross-con- 
lected, with two reheat units supplying a single turbine, and 
vith the necessary control equipment to proportion the return 
team to the two reheaters in a satisfactory manner. 

Some reheat installations have been used in connection with 
Sopping’”’ turbines in which the primary steam is expanded 
hrough a new high-pressure turbine and then reheated at the 
riginal pressure of the station for use in the older turbines. 
such plants usually have a tie-in line permitting steam from low- 
yressure boilers to be used for reheater protection during starting 
ip. They also have a by-pass around the high-pressure turbine, 
vith desuperheaters, to permit operation of the high-pressure 
yoilers when the topper is out of service. This arrangement per- 
nits an emergency outage of the “topper” to occur without re- 
juiring the high-pressure boiler to be taken out of service, the 
team from the boiler first being passed through a reducing 
ralve, then desuperheated, then reheated and delivered to the 
ow-pressure turbines. However, cross-connection of such units is 
xpensive and introduces operating complications (1-13).? 

The high cost of fuel, material, and labor since the recent war 
juite naturally has increased the popularity of reheat boilers in 
entral stations because of better station economy, and many 
uch units are now in process of design or construction, selected for 
rimary-steam pressure of 1400-2200 psi, primary-steam tempera~ 
ure up to 1050 F, and reheated-steam temperature up to 1000 F. 
Phe high cost of material and labor also makes it desirable to build 
hese units in large sizes, connected to a single turbine, and without 
ross-connection between the boilers. That this is being done is a 


|: the earliest applications of the reheat cycle in power 


1 Executive Assistant, Engineering Department, Combustion Engi- 
eering-Superheater, Inc. Mem. ASME. 

2 Numbers in parentheses refer to the Bibliography at the end of the 
Contributed by the Power Division and presented at the Annual 
fleeting, New York, N. Y., November 28-December 3, 1948, of Tur 
\MERICAN SocieTy or MECHANICAL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
nderstood as individual expressions of their authors and not those of 
he Society. Paper No. 48—A-106. 


tribute to the designers of boilers and turbines, but past per- 
formance is available to demonstrate that high availability can be 
built into both these pieces of equipment when proper attention is 
given to details of design and materials. Single-boiler reheat in- 
stallations are being considered up to a capacity of 1.5 billion Btu 
per hr fuel-firing rate. 


Design Factors 


When the specified primary-steam temperature is 1050 F and 
reheat temperature is 1000 F the combined superheater heat ab- 
sorption is about 40 per cent of the total heat absorption by all 
pressure parts, including furnace, boiler, and economizer. It may 
be said truly of such units that the rest of the installation is really 
built around the superheater and reheater. 

The design is further influenced by the specified load range 
over which the steam temperature must be held constant. It is 
characteristic of a convection-type superheater that the outlet 
steam temperature increases as the load increases, and this in- 
crease may amount to 75 deg F from half to full load. Therefore, 
if full steam-temperature conditions are specified at reduced load, 
a control must be furnished to keep the steam temperature from 
rising. The primary cause of increased steam temperature at in- 
creased output is increased gas temperature. 

When high primary and reheat steam temperatures are to be 
obtained by convection heat transfer, and with coal firing, the gas 
temperature leaving the furnace will be close to the fusion tem- 
perature of the ash, even at reduced load. Obviously, an increase 
in output with fixed burners will therefore produce two objec- 
tionable effects, namely, excessive furnace gas temperature and 
excessive steam temperature. Therefore it is doubly important 
to control the cause rather than the result of these increased tem- 
peratures. 

With tilting burners, which in effect give an adjustable furnace, 
this is quite readily accomplished. The furnace can be designed 
to give the required furnace gas temperature at maximum load 
with the burners horizontal, and they are tilted upward at lower 
loads to control the gas temperature to exactly that required to 
give constant steam temperature. 

To illustrate this design problem, Fig. 1 is a typical study made 
for a large unit similar to that illustrated in Fig. 5 in which all 
superheating and reheating surface is located beyond the furnace 
outlet, with the reheater located between two sections of the 
primary superheater. Curve A-B is the gas temperature entering 
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the reheater, as required to maintain a constant 1000 F 
reheat temperature from 60 to 100 per cent of design capacity, 
and curve C-D is the corresponding gas temperature leaving the 
furnace, required for 1000 F primary-steam temperature at design 
capacity. The shape or flatness of these curves is affected not 
only by the steam-temperature variation for which they are 
plotted, but also by the degree of variation in feedwater tempera- 
ture and excess air. The position of these gas-temperature 
curves with respect to the vertical scale is affected by the design 
difference between the gas temperature leaving and steam tem- 
perature entering the cold-end section of the superheater. A low- 
temperature difference results in a lower required gas temperature 
leaving the furnace but also results in greater heating surface in the 
superheater and reheater. Therefore a higher gas temperature 
leaving the furnace permits the use of a smaller and less expensive 
superheater. 

The curve of actual gas temperature leaving a furnace, fired in a 
conventional manner, is much steeper than the curve of gas tem- 
perature required to maintain constant steam temperature. 
Therefore, in Fig. 1, if the temperature indicated at # is required 
to give the specified steam temperatures at 60 per cent of capacity, 
and fixed turbulent burners are used, the gas temperature leaving 
the furnace at 100 per cent capacity will exceed the required gas 
temperature D. In the interest of cost economy of furnace and 
superheater, it is desirable to select the furnace so that point D is 
below the temperature which will cause troublesome ash de- 
posits. However, this procedure cannot be followed with fixed 
burners even of the tangential type (which have a flatter gas- 
temperature characteristic than the turbulent type), except at a 
sacrifice in steam temperature at reduced load. 

However, Fig. 1 illustrates a solution to the problem through 
the use of adjustable (tilting) burners with the furnace designed 
as previously mentioned. It will be seen that the maximum gas 
temperature leaving the furnace need not exceed the values indi- 
cated by the line H-D, because the range of control of furnace gas 
temperature will be as indicated by the dash lines X, Y, and Z, 
which are drawn for three different positions of the tilting burners. 

A more detailed discussion of the use of tilting burners for 
furnace gas-temperature and steam-temperature control will be 
found in references (14, 15, 17, 18). Another series of papers (16), 
published by this Society, reports quantitative data on variation 
in furnace heat absorption and furnace gas temperature, based 
upon actual tests conducted on a large steam-generating unit em- 
ploying this method of firing. In these tests a maximum gas- 
temperature variation was obtained at the furnace outlet at con- 
stant boiler load by the use of the adjustable burners, which 
greatly exceeds that used in the study illustrated in Fig. 1. If that 
degree of gas-temperature control had been used, an even greater 
range of load at constant steam temperature could have been pre- 
dicted. 

Another series of tests, reported in reference (18), are illustrated 
in Fig. 2. The solid line A is the gas temperature required to hold 
constant steam temperature over a 5 to 1 load range on a nonre- 
heat unit delivering 900 F steam. The shape of the curve was 
affected by variation in excess air and feedwater temperature with 
variation in load, and the curve was plotted from data obtained 
with the supplementary steam-temperature control (by-pass 
dampers) closed. The dash lines B, C, and D, are gas-temperature 
curves with burners tilted up 25 deg, horizontal, and down 25 deg, 
respectively. Superposition of the burner-tilt curves on the re- 
quired temperature curve illustrates how a 5 to 1 operating range 
on this unit can be obtained with constant steam temperature, 
using burner tilt only for steam-temperature control. 

The heart of the steam-temperature control system of these 
modern reheat boilers is the burner illustrated in Fig. 3, one of 
which is located in each of the four furnace corners. These 
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burners may be designed for firing coal, gas, or oil, separately jj) 
simultaneously, and all the fuel-nozzle tips and air-guide vam 
are moved or tilted simultaneously by a motor-operated mecl| 
nism actuated by impulses originating at a steam-temperatu| 
thermocouple. An air-flow element in the control system serve "| 
anticipate a steam-temperature change when a load change is 
perienced, thereby providing a more nearly constant steam tei}! 
perature than would exist if the thermocouple only were used 
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yntrol purposes. In addition to operating the burner tilt 
techanism, the control system may include supplementary con- 
‘ol means for operating a by-pass damper or water valves for a 
oray desuperheater. 

! By proportioning and locating the reheater properly, the final 
sheat and superheat temperatures are both controlled by burner 
It, but the tilt angle is automatically actuated by changes in re- 
eat temperature. The temperature of primary steam may 
»quire supplementary control by spray desuperheating. 

Fig. 4 shows typical curves of steam-temperature and desuper- 
eating-water requirements. The upper curves illustrate steam- 
smperature variation over a wide load range when burner tilt is 
etuated by the reheated-steam temperature to hold 1000 F over 
ontrol range. It will be noted that when the primary superheater 
also proportioned to give 1000 F steam temperature at design 
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apacity, the primary-steam temperature will increase gradually 
long the line A-B as load is reduced to the control point, and then 
ecrease along the line B-D. Therefore, when operating in ac- 
dance with design conditions, no supplementary control will 
e required by the reheater. However, with the controls set to 
old the primary-steam temperature also at 1000 F, a small 
mount of desuperheating water automatically will be supplied to 
1e primary-steam circuit. The amount required is indicated by 
1¢ line A:-B,-C-D,, and this water is introduced between the two 
ctions of the superheater so that the average outlet steam tem- 
erature will not exceed the design value. A desuperheater of the 
ay type is also provided at the reheater inlet to supplement 
arner-tilt control, if and when needed, to compensate for large 
1anges in feedwater temperature or other unusual operating con- 
tions. 

A steam-atomized water spray is more universally adaptable to 
e on the primary superheater because some plants operate with 
ry low excess pressure on the boiler feed pumps, and there is 
ficient pressure drop across the low-temperature section of the 
perheater to provide the necessary differential steam pressure 
r steam-atomized water sprays which require much less dif- 
rential water pressure. Mechanical atomization is used for the 
rays at the reheater inlet and may also be used for the primary 
perheater in plants where sufficient excess water pressure 18 
ailable at the feed pumps. In both desuperheaters the inlet 
eam is sufficiently superheated so as not to be reduced to satura- 
m by the small amount of water involved. 

Steam-pressure drop between the high-pressure turbine exhaust 
d the low-pressure turbine inlet must be kept to a minimum in 
der to obtain maximum efficiency with the reheat cycle. How- 
er, a reasonably large pressure drop of 20-25 psi must be taken 
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across the reheater proper, to insure adequate steam distribution 
and protection against overheating in individual circuits. Steam 
piping to and from the reheater therefore must be designed con- 
servatively to reduce line losses. 

Since the gas temperature entering the superheater may be 
close to the fusion temperature of the ash it is customary to use 
wide transverse tube spacing near the furnace exit and a much 
closer spacing in the gas-outlet section. Materials of course must 
be satisfactory for the temperature and stress encountered, and 
most installations have as many as four different alloy steels in 
addition to the carbon steel used at the steam-inlet end of the 
superheater and reheater. The tube diameter and circuit length 
must be proportioned to meet the allowable pressure drop, and 
the circuit arrangement must be chosen to insure an efficient tem- 
perature difference between gas and superheater surface in all 
parts of the unit in order to economize on heating surface. 

The almost complete absence of convection steam-generating 
surface will be noted in all modern reheat-boiler units. 


TypicaL INSTALLATIONS 


One of the largest high-pressure topping installations employing 
an integral convection reheater is that at Montaup Electric Com- 
pany where the boiler is designed for 2000 psi with primary-steam 
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temperature of 960 F and re- 
_heatof765F. This unit dates 
back to 1940, and much of the 


experience gained thereon has 
been applied in projecting 
newer designs. The unit is 
illustrated in Fig. 6 where it 
will be noted the reheater is 
positioned the same as on more 
recent units. Montaup has a 
slagging bottom and was de- 


signed before the advent of 
tilting burners, but superheat 
control is obtained with a novel 
by-pass arrangement which has 
been duplicated on many other 
units. Reheat-steam tempera- 

_ture is controlled by a spray 
desuperheater at the reheater 
inlet. 

Fig. 5 is typical of twelve 
dry-bottom units now in proc- 
ess of design or construction by 
the author’s company for seven 
public-utility companies. They 
all employ the same division 
and general arrangement of 
superheating sections with flexi- 
ble outlet terminals on both 
superheater and reheater to 
permit a simplified design of 
high-temperature piping to the 
turbine. The position of the 
burners is indicated, and it will 
be noted that a large portion 
of the water-cooled walls is lo- 
cated below the burners, in 
order to take advantage of 
downward burner tilt when 
necessary to counteract the 
effects of poor coal or dirty 
furnace walls, or to compensate 


for the effect of large changes 
in feedwater temperature. 
There is a striking similarity 
to nonreheat units currently 
offered by the author’s com- 
pany, the most noticeable dif- 
ference being that more space is occupied by the superheater and 
less by the economizer. 

Fig. 7 shows the preliminary drawing for a unit now in process 
of manufacture for a large utility company in New Jersey. This 
is of the wet-bottom continuous-slag-tap design and it will be 
noted that the burners are divided into two groups, the lower to in- 
sure continuous removal of slag, and the upper to assist in steam- 
temperature control through burner tilt. Primary superheat con- 
trol is provided through spray desuperheaters at the reheater 
inlet and also between the front and rear sections of the primary 
superheater, both of which are under automatic control. The 
burner-tilt control probably will be remote manual. 

In all these units the high-temperature section of the primary 
superheater is placed nearest the furnace outlet, and this section 
has the tubes spaced on wide centers to reduce ash accumulation 
when using low-fusion-ash fuels. Behind this section is the low- 
pressure reheater, and beyond that the low-temperature section of 
the primary superheater. These sections are placed in series with 


per br at 1000 F and 380 psi. 
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Fig. 7 Reweat Borer, Coan or O1ir-Fired, WATER-COOLED-SLAG-BOTTOM FURNACE 
(Design pressure 1770 psi; maximum capacity 950,000 lb per hr at 1050 F and 1578 psi; reheat flow 830,000 1b 


Controlled superheat and reheat with spray desuperheaters supplemented by tilting 


tangential burners.) 


respect to gas flow, and there are no longitudinal partitions or 
baffles. 

The furnaces of these typical recent designs, when selected to 
give a gas temperature that will not cause troublesome ash de- 
posits at the furnace exit, with tilting tangential burners, will have 
a maximum gross combustion rate of about 18,000 Btu per hr per 
cu ft and a net heat-release rate of about 115,000 Btu per hr per sq 
ft with complete water cooling, using bare wall tubes with tangent 
spacing. 


OPERATION 


The use of a single large boiler, turbine, and reheater all con- 
nected in series without cross-connection at either the high- or 
low-pressure level simplifies design and operation and reduces the 
capital investment compared to small cross-connected units. 

When the unit is installed in an existing low-pressure station, a 
steam source may be available to protect the reheater during 
starting up, but many of the recently purchased reheat units are 
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going in new stations. Means of self-protection within the unit 
may be provided as illustrated in Fig. 8. With this arrangement, 
maintenance of steam flow through the reheat section is accom- 
plished as readily as through the sections of the primary super- 
heater. At extremely reduced boiler loads or when the turbine is 
on spinning reserve, steam is always passing through the reheater 
section. To all intents and purposes these units constitute, there- 
fore, essentially a conventional standard high-capacity utility- 
type steam generator with another superheater section inter- 
posed, and the operation is no more difficult and requires no more 
personnel. 
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Prime movers for connection to reheat boilers are furnished by 
several companies, each of which may have a different method of 
protecting the turbine during emergency periods resulting from 
sudden loss of load. Means for protection of the reheater and 
turbine, therefore, must be worked out in conjunction with 
the turbine manufacturer for each individual installation. 
Several methods of accomplishing satisfactory protection are 
discussed in considerable detail in other papers of this sym- 
posium (19), (20), (21), (22), (28), (24). 

Automatic control devices have been developed to such an ex- 
tent that routine control and protection within reasonable limits 
can be accomplished without much attention from the operator. 

Obviously, a greater capital expenditure can be justified when a 
high load factor is used, and these reheat units will normally be 
base-loaded whenever possible, in order to realize the approxi- 
mately 5 per cent lower fuel consumption. However, it is a dis- 
tinct advantage to have a unit capable of maintaining the design 
maximum steam temperature from both primary superheater and 
reheater at reduced output, and the method of steam-temperature 
control used on these recently designed units is admirably suited 
to accomplish this result with automatic control. 


CoNCLUSION 


It may be stated that when all superheating and reheating can 
be accomplished with convection surface, these modern reheat 
units, as designed by the author’s company, are not much dif- 
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ferent in appearance from large nonreheat units, since the reheate 
is simply placed between the primary and secondary superheate 
The secret of this simplicity lies in the ability to design a unit wit 
controlled gas temperature leaving the furnace through the use o 
tilting burners. | 
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Symposium on the Reheat Cycle—Discussion 


the Annual Meeting of The American Society of Mechan- 
ical Engineers, held in New York, N. Y., November 
29—December 3, 1948, a series of seven papers on various 
aspects of the reheat cycle were presented under the auspices of 
the Power Division. The discussion which follows relates to 
one or more of these papers and so is published as a composite 
discussion of all, reference, however, being made to individual 
papers wherever necessary. 

The seven papers and their authors are listed in order of pres- 


entation; the numbers appearing in parentheses throughout the 
discussion will refer to the corresponding numbers in the list. 


Pages given refer to this issue of the Transactions, in which they 


- appear in the same order. 
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1 “Operating Experiences in Connection With Regenerative 
Reheat Turbine Installations,” by C. A. Robertson, pp. 673-683. 

2 “Developments in Resuperheating in Steam Power Plants,”’ 
by E. E. Harris and A. O. White, pp. 685-691. 

3 “Steam Turbines for Resuperheat Cycle,’”’ by E. E. Parker, 
pp. 693-700. 

4 “Reheating in Steam Turbines,’ by R. L. Reynolds, pp. 
701-706. 
5 “Steam-Generating Equipment for Resuperheating Cycles,”’ 


_ by Martin Frisch, pp. 707-717. 


6 “High-Pressure Boilers With Reheaters,’”’ by W. H. Rowand, 
A. E. Raynor, and F. X. Gilg, pp. 719-727. 
7 ‘Modern Reheat Boilers,” by W.S. Patterson, pp. 729-734. 


The Symposium was conducted by Philip Sporn, Fellow ASME, 
and president of the American Gas and Electric Service Corpora- 
tion, New York, N. Y. At the opening of the session and later 
through the presentation of papers, Mr. Sporn addressed the 
Meeting on salient points of the reheat cycle and its applications. 
His remarks appear in the following as they pertain to the sub- 
ject matter of the symposium record. 


Comments BY Puitip Sporn, Symposium CHAIRMAN 


The interest which the reheat cycle has finally evoked after 
25 years of demonstrated initial and successful installation is re- 
flected not only by the symposium, which is reported in this issue 
of the Transactions, but by the following steam-turbine units on 
order for delivery in the 3-year period 1949, 1950, and 1951: 


No. of 
units Kilowatt rating 
General Electric............. 22 1,920,000 
Westinghouse..............-. 6 492,000 
PAliia-C@ palmer... - .evenscesusus ess 3 240,000 
31 2,652,000 


Certainly from the standpoint of both the number of units 
and the total kilowatt rating of these units, this is a very striking 
illustration of the coming into its own of the reheat cycle. 

I have inquired into the cause of this much-delayed, but grati- 
fying emergence of interest in a tool which was so promising from 
its very beginning, and have concluded that the following causes 
are responsible: 

Development in Cost of Fuels. Not only have costs risen sharply 
at the source of supply, but transportation costs have risen greatly 
and threaten to rise further. From this has come a realization 


that for some period ahead, cost trends are not likely to be 
reversed sharply, if at all. 


Design Developments Both in Boilers and Turbines. This is 
best illustrated by the developments of the tandem unit de- 
scribed by Mr. Parker, (3) and by the boiler developments dis- 


cussed by Messrs. Frisch (5), Patterson (7), and Rowand and 
associates (6). In essence all of these have shown ways to reduce 
the differential in cost between reheat and nonreheat setups. 

Operating Experience. For reasons which are really hard to 
explain, reheat, independently of the economic justification it 
has always had to demonstrate, has had to overcome an obstacle 
of no mean proportion in its supposed complication and possibly 
even operating hazard. The writer cannot forget that the steam 
engineers working on the original reheat Philo units 1 and 2 in 
1923, were deeply concerned over the effect on safety of the tur- 
bine in case of loss of load, owing to the greater steam inertia that 
the unit seemed to possess from loss of reheat. They asked him, 
therefore, to design a load that would be thrown automatically 
on the machine in case of such an emergency, and he did. For- 
tunately, good sense prevailed, and the combination of resistor 
and low-tension switch to accomplish this loading was never in- 
stalled. Nor has a need for it developed on this or any of the 
other ten reheat units built on the American Gas and Electric 
Company system and now operating. Incidentally, six addi- 
tional reheat units, with a total capacity of 900,000 kw, are now 
in the process of installation at three plants on the American 
Gas and Electric Company system. 

With increased use of reheat will come not only added con-— 
fidence in its efficacy as an important means for improving 
efficiency of large-scale generation of electric energy, but design 
improvements that will further help the process along. 

It is particularly timely to re-examine now all the basic ther- 
modynamic, economic, design, and operating factors of the 
generation phase of the reheat cycle. 

Reheat boilers can be made very special and complex. We 
have had experience with a variety of designs, including live- 
steam reheaters, separately fired reheaters, and a number of 
types of integral reheaters. From all this there seems to be 
emerging a simplified functional integral reheater unit which is 
so well-adapted to the growing practice of single boiler-turbine 
installations. The reheat piping under such conditions is a 
relatively direct and simple system and this is a material aid in 
keeping the incremental cost of reheat under control. 

Papers (5, 6, 7) represent the very best in the way of real 
engineering data on this timely subject. The authors are all 
directly engaged in the actual development and design of reheat- 
type generating units. They have had the benefit of the availa- 
ble past experience and present the most thorough: and up-to- 
date analysis of the subject. 

The artist’s portrayal of the Philip Sporn Plant, as shown in 
Fig. 9 of the paper by Messrs. Rowand, Raynor, and Gilg (6) 
is already obsolete. The two stacks representing the initial 
two units have already grown to four such units under construc- 
tion—a program which will give us 600,000 kw net capacity in 
this plant by 1951. It may be of interest to note that this plant 
is projected for six units and that when completed it is expected 
to generate at a rate of 6,000,000,000 kwhr per year for the 
dominant part of its life. 

Since the high-pressure high-temperature steam cycle is 
bound to play the most prominent part in the expansion of the 
country’s power-generating facilities during the next 10 to 15 
years, at least, the writer cannot help but feel that we must and 
should be searching for the next higher level of performance, 
which appears logically to be at higher steam temperatures— 
with or without reheat. In the writer’s judgment it will be more 


likely with reheat. 
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Discussion 


W. E. Catpwet.! From the wealth of information presented 
in these excellent papers two important benefits of resuperheating 
stand out. 


1 Improvement in economy of power production of about 
4.4 per cent, or roughly, 400 Btu per kwhr. 

2 Reduction in exhaust moisture of about 50 per cent with 
resulting decrease in turbine maintenance. 


The authors have indicated the gain in efficiency is due to 
two causes: 


1 Increased efficiency in lower turbine stages due to moisture 
reduction. 

2 Thermodynamic gain due to increase in temperature in the 
low-pressure unit. 


The major part of the gain is due to the increased efficiency 
which accompanies moisture reduction below the dew point and 
principally in the subatmospheric stages. 

Fig. 3 of the Harris and White paper (2) indicates that about 
one half the usual exhaust moisture still remains with conven- 
tional resuperheat to present limits. The loss resulting from 
this moisture also warrants recovery if it can be realized within 
the limits of economic justification. 

In a nonreheat turbine, the moisture increases about 1!/2 
per cent per stage in the last eight stages below the dew point, 
and with simple design modifications this water could be evapo- 
rated by incorporating a relatively small amount of heated surface 
in each wet stage. Measurements from existing turbines indi- 
cate the nozzle surface in the wet stages is sufficient to evaporate 
this moisture if the nozzle blades can be heated a moderate 
amount above the corresponding wet-stage temperature. By 
the use of hollow nozzle partitions of suitable material supplied 
with steam, in the hollow space, bled from upper stages, it is 
possible to evaporate the moisture asitisformed. By evaporating 


1 Staff Engineer, Consolidated Edison Company of New York, 
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the moisture with waste heat and without pressure loss the ma)j 
portion of the gain obtainable by external resuperheating may 
realized. The measured nozzle surface and calculated ble 
pressures required for the evaporative duty were contained — 
a paper.’ | 

A simple means of accomplishing this evaporation within tk 
turbine is shown in Fig. 1, herewith. For illustration, two hi 
stages are shown but ordinarily more would be justified by ecij 
nomic considerations. Steam bled from upstream stages ente’ 
the top of the diaphragm, through a cored passage, flows throug§ 
the inside of the hollow blades into the center segment, then inf 
to the lower blades to the bottom drain. The condensate form : | 


shell at a temperature approaching that of the bleed steam usef 
for the heating medium. This condensate may be returned 1 | 
the feed system by draining it into the bleed-heater condensaif 
system at the proper stage. | 
This subsaturation method of reheating requires no extern: 
apparatus other than drain connections, introduces no pressutf 
loss in the steam path, and has the same self-regulating characte 
istic as regenerative feedwater heaters. For the heating mediun 
waste heat may be utilized which otherwise would pass to th 
condenser. To provide the necessary temperature differenq§ 


ble heat) per Ib of heating steam must be taken. By sacrifice 
ing this 60 Btu (adiabatic heat drop), 900 Btu (enthalpy of evapd} 
ration) otherwise rejected to the condenser, is made availabh} 
for evaporating moisture in the turbine. By this means thj 
latent heat from 10 per cent of the steam may be used to evapaf 
rate the moisture in the remaining 90 per cent, thus increasinf 
the efficiency and heat available to the stages below the dew poinf 

The condensate from the heating nozzles may be returned t# 
the feedwater system with insignificant loss due to temperatun 
degradation. The gain in economy is not impaired by increas} 


2 “Subsaturation Reheat Cycle,” by W. E. Caldwell, presented a | 
the Annual Meeting, Atlantic City, N. J., December 1-5, 1947, af 
Tue American Socimty or MecuHanicaLt ENGINEERS, Paper 47—A 
110. 
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_ in number of feed-heating stages in the manner indicated in the 
_ Reynolds paper (4) in Fig. 5, applying to the conventional 
_ resuperheat cycle. 

Subsaturation reheating offers attractive possibilities for eco- 
nomic gain either with or without external resuperheating. 

By evaporating the moisture within the turbine there is a 
possibility of realizing over 60 per cent of the increased economy 
attainable with conventional resuperheating for about 10 per cent 
of the increased investment cost. 


A. G. Curistiz.’ The group of papers dealing with reheating 
steam turbines present much information of interest to engineers 
who have to do with power generation. 

Many are familiar with the earlier installations of reheating 
turbines. As outlined in the several papers, these early turbines 
have developed creditable operating records. Few will question 
the adaptability of such turbines to operate satisfactorily under 
_certain load conditions. In general, such units are given base 
loads during the early years of operation. But more economical 
later plant additions to a system will force these older machines 
into peak-load operation. This load condition requires frequent 
starts and stops and often large load swings. The question 
arises: “‘How well will reheat units operate under such load 
conditions?” 

It is pointed out in one of the papers that light-load operation 
may lead to overheating of the exhaust section unless provision 
is made for desuperheating the steam from the reheater. This 
will offset some of the thermal gains at light loads from the use 
of reheat. 

On sudden loss of load it is necessary to stop the flow of steam 
from the reheater to the low-pressure section of the turbine to 
prevent overspeed of the unit. Two alternative methods may be 
used. The steam in the reheater may be allowed to discharge to 
the atmosphere through a relief valve. However, as this requires 
added make-up, it would not be an acceptable method in a 
modern station. The second method is to discharge this steam 
to the condenser through an unloading valve. This steam would 
be highly superheated, and the desirability of suddenly discharg- 
ing a large volume of such steam into a condenser shell and up 
around the last wheels of the turbine may be open to question. 
A more serious difficulty would be the loss of vacuum which 
Mr. Robertson (1) says would amount to 6 or 7 in. of mercury. 
It would take an appreciable interval to recover the full vacuum 
after such an occurrence. 

The thermal gains from reheat of 4 to 6 per cent are important 
factors in favor of reheat, particularly where coal is high in 
price. Against this saving one must balance the increased cost 
of the whole reheating plant over a nonreheat plant. A further 
consideration is the increased complexity of the reheat plant in 
both design and operation. 

Reheating units will be installed where system base loads can 
be carried and fuel costs are high. Where loads are variable, the 
simpler nonreheat cycle may be selected. 


M. K. Drewry.‘ Mr. Parker (3) does a good service to the 
power industry by calling attention to the possibility of unduly 
high exhaust temperatures accompanying reheat at very low 
loads. 

Equilibrium exhaust temperature of 500 F is estimated for 
Port Washington turbine No. 3, under conditions of no 
load and normal speed after sudden full-load loss, based upon a 
_ rapidly rising 232 F exhaust temperature, observed when testing 


3 Professor of Mechanical Engineering, Johns Hopkins University, 
Baltimore, Md. Past President and Fellow, ASME. . 

4 Assistant Chief Engineer of Power Plants, Wisconsin Electric 
Power Company, Milwaukee, Wis. Mem. ASME. 
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the safety governor 10-5-48. Reheater-outlet temperature was 
only 600 F, and exhaust pressure only 0.5 in. abs, but the 232 
F would have been exceeded considerably, because it was rising 
steadily, had the speed not been reduced promptly to well below 
normal. 

Higher exhaust-blade speed, not necessarily reheat alone, has 
contributed to this high exhaust-temperature condition. Port 
Washington turbine No. 2, with 18 per cent less maximum blade- 
tip speed (929 fps, versus 1135 of PW 3) operated for 24 hr at 
about 1000 kw for initial electrical tests without superheat 
appearing in its exhaust. Its superheat and reheat temperatures 
are approximately 50 F below those of PW 3. 

Approximate estimates of exhaust temperature can be made 
by determining work done on the steam by acceleration to the 
mean blade speed of every stage after the point where blade 
velocity exceeds steam velocity. The ‘“square-law” that applies 
causes superheating of exhaust steam to increase quadratically 
with blade speed. 

Low no-load losses, resulting from hydrogen generator cooling, 
less bearing friction, etc., have so acted to increase no-load ex- 
haust temperatures that they apparently can become evident 
on modern high-temperature nonreheat units upon full-load 
loss if normal speed is held too long before reloading. 

The following defenses against exceeding 250 F maximum 
allowable exhaust temperature upon full-load loss of Port Wash- 
ington turbine No. 8 are, in effect, though not totally tried by 
experience: 


1 Minimum practical steam-inlet temperatures. 

2 Maximum possible vacuum. 

3 Only one inlet valve open. 

4 No throttling of intercepting valves. 

5 No by-passing of hot steam into low-pressure blading. 

6 Minimum practical time at or near rated speed before syn- 
chronizing and loading adequately. 


Maximum blading efficiency obviously is necessary to obtain 
minimum heat content of exhaust steam, which suggested pre- 
cautions 3, 4, and 5. 

Heat capacity of the low-pressure blading is relied upon to 
afford enough time to resynchronize upon full-load loss without 
exceeding safe exhaust temperatures. Contrarily, heat capacity 
of the steam piping acts unfavorably by sustaining high steam- 
inlet temperatures. 

Experience with desuperheating in the crossover pipe of PW 
turbine No. 2 on an occasion of blade loss in 1945, indicates that 
this defense against high exhaust temperature requires careful 
design and careful operation. Water hammer occurred upon 
trial use of spray nozzles, and temperature reductions were 
slight. Other defense methods appear more desirable, but possi- 
bly the moderate use of all may be best. 

Lesser moisture in the turbine exhaust, higher blade speeds, 
and lesser no-load losses are conducive of higher efficiency, but 
like most other efforts for lower production costs, they make the 
power-generation technique increasingly involved. However, 
the industry probably will cope satisfactorily with them as it 
has with the many other similar past improvements. 

Mr. Frisch (5) presents a wealth of information on an involved 
subject in which the power industry has become vitally inter- 
ested. He evaluates in directly usable figures the net results 
of many variables, affording valuable conclusions which many 
engineers do not have time to derive. 

Acceptance of some of his conclusions, which probably will be 
surprising to many, may be eased by the truth that at last 
superheating duty is exceeding that of evaporating duty. The 
concept that superheaters (including reheaters, of course) are 
no longer auxiliaries of the boiler, but that “tables have turned,” 
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may allow easier acceptance of the author’s conclusions 2 and 3. 
Higher pressures, with markedly higher specific heats, elevate 
superheating duty more than comparison of steam temperatures 
alone would indicate. Likewise, they reduce evaporating duty 
importantly, with the result that some stations in operation and 
in prospect use more heat for superheating than for evaporating. 

Reheat and radiant superheaters have been used concurrently 
and consistently by the writer’s company since initial starting 
of Lakeside boiler 17 in 1926. Sixteen earlier Lakeside boiler 
units have used radiant superheaters since 1925, resulting in a 
grand total of successful experience of “radiant-superheater 
years” equaling 500. Thus: 


Radiant- 
superheater 

years to 
date 
Lakeside boiler room no. 1........8 boilers 1925 starting 184 
Lakeside boiler room no, 2........8 boilers 1924 starting - 192 
Lakeside boiler room no. 3........ 5 radiants 1929 avg stdg. 95 
Port Washington no. 1...........2 radiants 1935 starting 26 
Port Washington no. 2........... 2 radiants 1943 starting 10 
Total 507 


These data, and the fact that newer Port Washington units 3, 
4, and 5, are using radiants like Lakeside’s and Port 1 and 2’s, 
is seemingly abundant support of Mr. Frisch’s statement, “‘.. in 

. modern units difficulties attributable to the use of radiant 
superheaters are negligible.” 

That reheat plants, considered in their entirety and compared 
with others of similar coal versatility, are essentially identical 
in cost of nonreheat plants has been the experience of the writer’s 
company, in agreement with Mr. Frisch’s conclusion 1. 

Careful study of reheat-turbine overspeed safety seems se- 
riously needed. Mr. Robertson’s paper (1) does very well to 
focus attention on this vital subject. 

While reheat possibly doubles chances of destructive overspeed, 
experience indicates that nonreheat turbines are not of desirably 
high safety. The writer’s company has experienced failure of a 
throttle trip linkage while inlet-valve leakage was steadily taking 
the unit to high overspeed. Another of its units could have 
suddenly reached destructive overspeed when its safety governor 
was tested many times by use of an improper testing device 
which suddenly opened all inlet valves wide. Another company 
reported simultaneous failure to close of throttle and inlet valves, 
and several experiences of carry-over holding both these vital 
valves open coincidentally have been learned. Destruction of a 
newly installed industria] turbine, due to entry of steam through 
a bleeder connection, represents the extra hazard of reheat. 

Reheat-system steam, normally capable of causing about 30 
per cent overspeed, is not noteworthy because of great capacity 
to cause overspeed but because of its considerable opportunity to 
cause overspeed. Whereas standard practice establishes two 
lines of defense at the main turbine inlet, it usually provides only 
one line of defense at the reheat stage. Assuming individual 
valve reliability to be 99.9 per cent of the times the valve needs 
to act to prevent overspeed, probability of overspeed, chargeable 
to reheat, is thus 1000 times that of simultaneous failure of the 
throttle, and a single inlet-valve design. Whether two lines of 
defense at the reheat zone are desirable seems to merit careful 
attention. 

That 30 per cent overspeed is reasonably safe may be said of 
some turbines, and claims may be made that reheat valves serve 
only to meet the usual 110 per cent speed control upon rated load 
loss. If shop tests of the completed parts are run at 130 per cent 
speed, under normal operating conditions, and if there is posi- 
tively no deterioration of strength after a lifetime of service, then 
the foregoing contention has a partial basis of logic. It omits 

allowances for maximum capability loads, for minor leakage of 
the many valves which may contribute importantly toward the 
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very small flow rate required to overspeed a modern turbine, ant 
for the many exigencies that have a habit of appearing eventuall| 
at a crucial time. | 
Two reheat-to-condenser unloading valves have the importan | 
virtue that two adequate lines of defense are afforded. They 
cause no continual pressure drop, which readily may a | 
into values exceeding the total cost of intercepting valves. Barr 
need not be full size, or adequate alone to limit speed to 110 pe 
cent, and their cost appears not greatly more than that of thi 
reheat safety valves they displace. As Mr. Robertson states 
“dump” valves are less likely to foul from foreign objects, an« 
they have the inherent vital advantage, especially needed on 
3600-rpm units because of their low inertia, that their maximu 
j 


effectiveness occurs at the beginning of their travel; not near thi 
end of travel as with intercepting valves. The steam they admi} 
to the condenser exerts a powerful braking effect on the largg! 
exhaust wheels, the amount of which can be evaluated quiteg) 
accurately. 

Representing much actual practice, Mr. Robertson’s papef 
(1) is commended to all engineers interested in reheat applica: 
tions. 


J. N. Ewarr.® The paper by Mr. Parker (3), describing the 
development by his company of the steam turbine for the resuper+} 
heat cycle, is of considerable interest to central-station designers}) 
and operators. The paper not only describes the merits of this} 
cycle from an economy standpoint but also points out quite} 
frankly that there are certain problems which, though not} 
insurmountable, must be reckoned with. 

A serious disadvantage of the application of the reheat cyciaf! 
during the late 1920’s and early 1930’s came about because o } 
the complexity in both arrangement and operation of the so i) 
called header system of grouping two or more boilers to a common 
header supplying one or more turbines. This practice wag 
used quite generally at that time because the boiler was not} 
considered to be as reliable as the turbine, and therefore onef 
or more spare boilers were provided in the design. Hence it i 
is not surprising that, with the jump in pressures and tempera} 
tures which took place during the middle 1930’s, many designers} 
chose that avenue in their quest for better heat rates rather tha 
undertake the many problems then associated with reheat. 

Steam units of the Niagara Hudson System must be designed 
to firm up a substantial amount of stream-flow hydrocapacity. |} 
As such they must be capable of rapid load changes in the event j 
of transmission-line interruptions and capable of full rated con-} 
tinuous output for long periods of minimum stream flow which)! 
might occur during either the summer or winter months. This/i 
requirement demands reliability and a high degree of flexibility 


in operation. To provide for these requirements and keep capital 
investment to a minimum, for the past 10 years we have utilized i} 


the so-called unit system, employing the single boiler - single} 
turbine arrangement with no interconnection between units. 

Successful operating experience with the unit system has made || 
it possible to eliminate the serious objection which formerly was} 
associated with the use of reheat. In fact, the use of reheat with 
the unit system lends itself so readily that it probably will not 
again be abandoned with still higher temperatures as was done 
during the jump in temperature of the last period. 

The author (3) states that the resuperheat turbine is as flexible 
with respect to starting time and rate of load change as the non- 
reheat turbine. In order to take full advantage of this, the boiler 
and its reheater must be capable of similar flexibility and without | 
sacrifice of the simplicity inherent in the “unit” system. The] 


| 
: 
| 
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single boiler - single turbine arrangement introduces a problem 
of protecting the reheater against overheating while lighting 
the fires and bringing pressure up on the boiler prior to taking 
flow to the turbine. It is most desirable that the reheater be 
built to take this temperature until minimum pressure can be 
obtained to start the turbine and thus create flow. There 
appears to be no basic reason why a turbine designed for 1500 
psi, for example, cannot be started at a boiler pressure as low as 
50 psi. This enables cooling steam to be established in the re- 
heater before excessive gas temperatures can occur, 

The recent improvements in equipment for this cycle, enabling 
a reduction of capital investment as stated in this paper (8), is 
most heartening at a time when costs are rising continually for 
practically everything that goes into a power plant. 


S. N. Frara.* The development of the reheat cycle has moved 
along steadily with the development of the more common non- 
reheat cycle. During this growth period, it has maintained its 

advantage with a premium in thermal efficiency of some 5 per 
cent. 

Members of the writer’s company have been pleased to note 
the renewed interest, on the part of engineers and executives 
of the power industry, in the reheat cycle. For our part, the 
use and improvement of this cycle have moved steadily onward 
since the middle 1920’s, when the first units were installed on the 
American Gas and Electric system. Through the years the use 
of reheat with its thermal advantages has played a major role 
in our building program as represented by Philo, Stanton, Twin 
Branch, and Deepwater stations. The capacities in the reheat 
cycle of these plants constitute nearly 25 per cent of the entire 
reheat capacity installed in the country; 591,500 kw out of 2,400,- 
000 kw. 

Our operating experience with reheat cycles has been char- 
acterized by the absence of inherent operational difficulties 
peculiar to the reheat cycle. THarly installations involved a 
separate boiler for reheating, while, on our most recent unit, 
using the 2500-psi natural-circulation boiler at the Indiana & 
Michigan Electric Company’s Twin Branch Plant, all primary 
steam-making and all reheating were accomplished in a single 
boiler. This high-pressure unit has given such reliable operation 
that over a period of 7 years, after a preliminary shakedown, its 
availability has been 95.2 per cent with a load factor of 87 per cent, 
and a heat rate close to 10,300 Btu per net kwhr. 

From the standpoint of design, additional surface must be 
proportioned, and additional controls must be provided for the 
boiler. For economic reasons and to save space, we have found 
it desirable to include the reheat surface in the main boiler. This 
single boiler is then fired for capacity, with initial control for 
superheat temperature and secondary control for reheat tempera- 
ture. It has been found that reheat surface should be kept in 
the convection section of the boiler so that the reheater surface 
may keep cool without venting, under conditions of no flow or of 
low steam flow. This convective location also keeps the reheat 
temperature secondary to the primary superheater, which may 
have some of its surface located in the radiant zone. 

An investigation of the steam temperatures in the reheat tur- 
bine was recently made on the 2300-psi reheat unit at the Twin 
Branch Plant. This was conducted to study the problems 
involved in control of temperatures in low-pressure reheat 
turbines during start-ups when temperatures abnormally high 
for the load carried might be encountered. It is hoped that a 
paper on the findings of this test may be presented before the 
Society in the near future. 

We have maintained a policy of engineering new units to the 

6 Mechanical Engineer, American Gas and Electric Service Cor- 
poration, New York, N. Y. Mem. ASME. 
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most advanced ideas in the science of power generation. Through 
the years this has shown us the advantages which can accrue 
from the use of reheat under suitable design conditions. Rising 
fuel costs have only intensified the need for economical pro- 
duction and therefore we are continuing the development and 
use of the reheat cycle. The American Gas and Electric Com- 
pany’s building program has six reheat units in progress, each 
with a capability of 150,000 kw. This will add 900,000 kw in 
reheat capacity to the system by 1951. These new units, to 
operate at 2000 psi, 1050 F initial steam temperature, and 1000 
F rehéat temperature, with a heat rate of 9300 Btu per net kwhr, 
the broad outlines of which were presented in a paper before 
this Society in 1947, will mark another milestone in the economi- 
cal generation of steam-electric power. 


R. W. Harrwet.? During the present period of active 
investigation of resuperheating cycles, the information presented 
in the paper by Harris and White (2) should prove to be of con- 
siderable assistance to those interested in the economics of re- 
superheating. The authors are to be congratulated on a thorough 
analysis of the heat-rate gains inherent in the resuperheating 
cycle. 

Only in the conclusion of the paper is reference made to the 
size of machines to which the heat-rate gain percentages apply. 
Can it be assumed that the same gains would be realized on 
machines of 60 mw capability as on machines of 125 mw capabil- 
ity? ; 

That the increase in available energy in a reheat cycle reduces 
the steam-flow requirement for the same output is noted in the 
paper. As this reduction in throttle steam flow and flow to the 
condenser may be from 12-16 per cent for the 1250-psi 950-deg 
F cycle drawn in Fig. 3 of the paper, it seems that more emphasis 
might be placed upon this point, in view of its significant effect 
on size of steam generators and other equipment. 

In selecting the reheat pressure, there are numerous practical 
questions which must be considered in addition to the thermo- 
dynamic gains and the desire to maintain economy at partial 
loads. One of these is the very high specific volume of 150-200 
psi steam at temperatures of 950 to 1050 F, and the resultant 
need for large reheat piping from the boiler back to the turbine 
as well as the lead from the turbine to the boiler. Preliminary 
calculations indicate that the cost of the reheat piping might in- 
crease 40 to 50 per cent as the reheat pressure is reduced from 
400 to 150 psi. Space limitations and flexibility problems also 
favor the choice of higher reheat pressures. 

From an operating standpoint, the reduction in the moisture 
content of the steam as it passes through the last stages of the 
turbine represents an advantage of the reheat cycle that is 
worthy of additional comment. By reducing the moisture to 
5-8 per cent, reheat minimizes the problem of turbine-blade 
erosion and the resultant maintenance expense. Over the life 
of a turbine, it is anticipated that this saving would be sub- 
stantial. 


Epwin H. Krtec.8 The present renaissance of interest in 
power-plant economics, which has been spurred by higher 
fuel prices, quite properly has been directed toward the poten- 
tialities of the reheat cycle which offers gains equivalent to 
raising initial throttle temperatures by some 150 F. For 
equivalent heat rates, the reheat cycle is more conservative in 
many ways than the regenerative cycle, which would require 
about 150 F higher throttle temperature. 


7 System Engineering Department, The Detroit Edison Company, 
Detroit, Mich, Mem. ASME. 

8 Consulting Engineer, Stone & Webster 
ration, Boston, Mass. Fellow ASME. 
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Reheat-cycle economics are sound. When designers wonder 
whether the incremental cost of the reheat cycle is justified, the 
question could well be rephrased: ‘How can the straight regen- 
erative cycle be justified on units of 100,000 kw and over?” 
For units of around 125,000 kw, it is possible to justify re- 
heat with fuel prices of 20 cents per million Btu and higher, and 
factors of 65 per cent or higher. 

There need be no mystery about the economics of the reheat 
cycle. Mr. Frisch stated in his paper (5): “Steam generators 
for turbine generators employing resuperheating cycles cost little 
if any more and may, for a small steam-temperature control 
range, cost less than steam generators for nonresuperheating 
units for the same turbine capability and primary steam con- 
ditions.” On many reheat studies, actual boiler prices have 
shown that reheat boilers cost only 1 to 3 per cent more than 
straight regenerative-cycle boilers for turbine generators of the 
same capability for 1300 psi. This differential may increase for 
higher pressures. 

The cost differential between reheat and nonreheat turbines 
is easily obtained from the manufacturers, and this runs around 
$1.50 to $2 per kilowatt depending upon the size of the unit. At 
this point we do not check with the argument that reheat might 
be justified for sizes of turbine generators down to 20,000 kw. 
Beginning with the 60,000-kw size and smaller, the reheat cycle 
must compete with preferred standard turbines which cost some 
12 per cent less than “old rating” turbines for the same name- 
plate rating without correction for “capability.”’ In addition, the 
extra $150,000 cost of a reheat 60,000 kw turbine is often just 
about enough to negate the economic advantages of reheat, and 
this is even more exaggerated for smaller turbine generators. 

Restating this, in turbine-generator sizes where preferred stand- 
ard units are available, reheating is usually difficult to justify 
because, first, a 60,000 kw 1250 psi 950 deg F nonstandard turbine 
costs about $160,000 more than a preferred standard tur- 
bine, on a name-plate (not a capability) basis. In addition to 
this 12 per cent increase, a reheat unit would cost an additional 
$150,000, making a total of approximately $310,000. In turbine- 
generator sizes 80,000 kw and over, where no preferred stand- 
ards exist, one does not have the penalty of the difference in 
cost between preferred standard and nonpreferred standard 
units; only the differential between reheat and nonreheat tur- 
bines exists. 

There is some tendency to overestimate the cost of reheat 
piping by not crediting reheat with handling some 16 per cent 
less throttle steam. Condensate pumps, boiler feed pumps, heat- 
ers, condensate and boiler-feed piping are all smaller. Pumps 
take less power. Condensers handle some 18 per cent less steam 
and about 71/2 per cent less Btu. It must be that many esti- 
mates do not take all these details into account in pricing piping, 
valves, and auxiliaries. Where cooling water is limited, 71/2 
per cent or more capacity may be obtained from a given river 
flow. 

Then why wasn’t the reheat cycle popular prior to the present 
sizable crop? Largely because confidence in the availability of 
large boilers was not general, especially when poorer grades of 
coal were used. The reheat cycle demands a single-boiler- 
turbine combination; this means single boilers with a capacity 
of 80,000 to 150,000 kw. Until a few years ago, boilers were 
forced to the point where availability was affected. Present-day 
boilers are, on the whole, more liberally designed; this means 
much improved availability and confidence in large single 
boilers. 

Several of the papers presented share the same fault of not 
indicating clearly whether a cycle or a net plant heat gain is 
being discussed. When a gain of, say, 400 Btu is made on the 
cycle, this may increase to 490 Btu per kwhr on the net station 
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heat rate when account is taken of boiler efficiency and auxilia 
power, and that makes a lot of difference. 

This group of papers on reheat is really excellent, reflectix 
great credit on the authors and their respective companief 
The entire industry is in debt to them. To one who has bea@ 
designing reheat plants off and on since 1929, these papers aif 
most illuminating in presenting so many excellent curves, Thet§ 
would have been many more reheat plants today had thes 
papers been presented a few years ago. 


I. G. McCuesney.? Mr. Parker (3) has presented an excelle fl | 
review of the history of the resuperheating cycle. Discussiag 
of recent designs is of particular interest because so many operg§ 
tors lately have given them a great deal of careful study. Ing 
provement in boiler and turbine designs are as much responsibl 
for the acceptance of the cycle as the factor of increasing coef 
costs. Often the cycle proves economical at coal costs considera 
bly below present prices. 

The writer’s company is installing a 50,000-kw resuperheati | 
machine at Russell Station, having steam conditions of 146 
psig 1000 F initial temperature, and reheat to 1000 F. T 
machine will operate at 1 in. Hg back pressure and have a max 
mum load net plant heat rate of 9622 Btu per kwhr. Studies qf 
plant economy show this machine to be 5.3 per cent better tha) 
a nonreheat machine of equal size and steam conditions. 

It is interesting to note the increased interdependence of thif 
boiler and turbine design for this cycle. In some of the recen 
designs, the stage at which steam is withdrawn for resuperhea 
ing is also used as the final extraction stage for feedwated 
heating. Such a crossover pressure is usually too high for max | 

| 


mum turbine economy, and the resulting final feedwater tempera 
tures are lower than desirable for maximum over-all plant econ} 
omy. A solution for this problem is the selection of a final e Hl 
traction stage of feedwater heating of somewhat higher pressu 
than the stage used for resuperheating. In this case there is n: 
compromise in design, the resuperheating stage being selectee} 
for greatest turbine economy and the final extraction stage sel. 
lected for maximum over-all plant economy. 

Fifty-six installations of various pressures totaling ove 
3,000,000 kw have an average maximum feedwater temperaturd 
approaching the saturation temperature within 140 F. Thiif 
approach is somewhat variable with several installations having} 
an approach above 160 F and others near 100 F. Among thilf 
latter group are installations at Oswego, C. R. Huntley Staif 
tion, Southwark, and Riverside. With small economizers usually} 
chosen in late designs, it will be possible to obtain high economy} 
using extraction conditions for feedwater heating as shown in} 
the following table: | 


Highest Turbine Final? 
Throttle extraction exhaust feedwater 
pressure, pressure, to reheater, temperature, 
psig psia psia deg F 
1450 395 300 475 
2000 825 330 520 


: : ; : | 
* A 5-deg negative terminal difference is assumed at the outlet oj 


the final heater. 


Maximum feedwater temperatures in the foregoing table] 
approach saturation within 118 F, 


Re SuEpparp.?? Mr. Robertson’s paper (1) is a noteworthy, 
contribution to the published record of operating data and experi4| 


* Assistant Superintendent, Electric and Steam Generation 
Rochester Gas and Electric Corporation, Rochester, N. Y. Mem 
ASME. | 

70 Assistant Division Engineer, Steam Turbine Engineerin 
Division, General Electric Company, Schenectady, New York, N. Y! 
Mem. ASME. 
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ence on several reheat plants, and outlines the views of the 
author’s company with regard to the controls and safety features 
believed necessary and desirable for steam turbines of one manu- 
facturer. The author presents tests and performance of an 
early system consisting of a single intercept valve plus a steam- 
unloading valve. He also describes the double intercept-valve 
system and steam-unloading valve which is being provided on the 
new installations under construction. Finally, he presents for 
“consideration a suggested scheme of two steam-unloading valves 
with no intercept valves at all. 

Mr. Robertson states in connection with Figs. 17 and 20, that 
the arrangement of a single intercept valve on the downstream 
side of the reheater, plus a steam-unloading valve, would satis- 
factorily enable a reheat unit to drop maximum load without 
tripping the emergency governor, while the same unit with only 

_ the single intercept valve in service would trip the emergency 
governor. While this situation undoubtedly was present on a 
particular design of reheat turbine, it should not be inferred that 
the single intercept-valve system, if applied to other reheat-tur- 
bine arrangements, could not perform satisfactorily. All of the 
28 reheat units in service listed by E. E. Parker (8) are designed 
with the single intercept-valve system, and satisfactory load- 
dump tests have been made on them. 

Since a large number of reheat plants are to be built in the 
next few years, it is to the interest of the power industry that 
the turbine generators be as simple as possible to operate and 
low in cost to build with adequate consideration of course for 
overspeed safety of the turbine. The great simplicity of the 
(a) “single intercept-valve system,’”’ compared to the (b) “single 
intercept valve plus steam-unloading valve,” or the (c) ‘‘double 
intercept valve plus steam-unloading valve,” deserves review 
and examination, and might properly be presented in this dis- 
cussion. 

The diagram in Fig. 2 of this discussion is essentially the same 
as Fig. 17 in Mr. Robertson’s paper (1). The intercept valve 7, 
and the steam-unloading valve 6 undoubtedly are necessary and 
essential for a turbine of the type illustrated, which has the 
high-pressure section and the reheat section in the same turbine 
casing, with high-pressure-section exhaust pressure on one side of 
a diaphragm, and reheat inlet pressure on the other side. This 
is especially true for a turbine with drum-type rotor with the 
reheat-diaphragm-gland diameter moderately large, and having 
a relatively short length of labyrinth gland with few throttlings. 
The entrained steam, trapped in the reheater and in the lines 


= SUPERHEATER 


(2jTURBINE THROTTLE 
(B)TURBINE INLET VALVES 
(6)STEAM UNLOADING VALVE 
(INTERCEPT VALVE 


REHEATER 


Fie. 2 Reueat-TuRBINE ARRANGEMENT WiTH SINGLE INTERCEPT 
‘VaLve Pius StpaM-UNLoApDING VALVE 


741 


to the intercept valve 7, in general, contains energy of sufficient 
amount to produce 30 to 35 per cent overspeed. If no steam- 
unloading valve 6 were used, a substantial portion of this potential 
overspeed may be developed from backflow from the reheater to 
the high-pressure-section exhaust, and thence through the dia- 
phragm gland, and then through the remaining stages. 

For example, on a typical design of reheat turbine, pressure 
P; may be on the order of 450 psig. The flow Q, through the 
reheat diaphragm gland with 450 psig on one side and vacuum 
on the opposite side may approach or exceed the no-load flow 
required to drive the set. Thus upon sudden loss of maximum 
load, even though the main inlet valve 3, and intercept valve 7 
were to close infinitely fast, this backflow may cause speed to 
continue to rise through the tripping range of the emergency 
governor. Normally, diaphragm-pressure drop (Pi-P2) at full 
load may be only 50 psig or 10 to 12 per cent of the high-pressure- 
turbine exhaust pressure, and hence this packing leakage Q; 
normally is relatively small. However, on sudden loss of genera- 
tor load (P;-P:2) may jump instantly to 450 psig. 

In addition to the foregoing leakage through the reheat dia- 
phragm developing energy to drive the rotor after all valves are 
closed, the author points out that an additional source of leakage, 
tending to increase speed, is the high-pressure-unit balance- 
piston leakage Q;. While this quantity of steam Q;, is quite 
large, the energy it may develop tending to increase speed of the 
unit depends somewhat upon whether this leak-off steam is 
reintroduced into the lower stages of the turbine, or condensed in 
one of the feedwater heaters. 

The steam-unloading valve 6 on this turbine arrangement also 
serves to blow down the stored steam entrapped between inter- 
cept valve 7 and the reheat-section nozzles. The large-size 
steam-unloading valve is a major additional capital expense. 
It is a valve which must be kept tight, and its stable and har- 
monious operation with the intercept valve requires a mechanism 
whose accuracy and setting adjustments must be maintained. 

The single-intercept-valve scheme, Fig. 3 of this discussion, has 
been carefully analyzed as to its ability to drop maximum load 
from an 80,000-kw 3600-rpm tandem-compound unit without 
tripping the 110 per cent emergency governor, and a description 
of its features is included primarily to illustrate its simplicity 
and practicability when applied to the arrangement of reheat 
turbine being built by the manufacturer represented by the 
writer. 

The basic essentials of the controls for this type reheat turbine, 
which enable it instantly to drop maximum load without the 
speed overshooting enough to trip the emergency governor, are 
as follows: 


1 Rapid and early closing of the intercept valve; 1/4 sec or less. 
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2 Rapid closing of high-pressure-turbine inlet valves; 0.4 to 
0.5 sec. 

3 Tight-seating intercept valve. 

4 Proper design of leakage gland at the reheat diaphragm and 
correct disposition of the bottled-up steam in the high-pressure 
section, so no leakages re-enter the turbine below the reheat point. 

5 Location of the intercept valve on the reheat outlet just as 
close to the turbine as is physically possible; extraction nonreturn 
valves close to the turbine, to minimize entrained steam storage 
below the reheat points. 


The impulse-type reheat-turbine arrangement (Fig. 3 here- 
with), with relatively small shaft-packing diameters and a large 
number of labyrinth throttlings at the gland of the reheat dia- 
phragm, lends itself admirably and effectively to the simplicity 
of the single-intercept-valve system. 

The advantages of the high-pressure inlet steam being intro- 
duced midway in the high-pressure shell on one side of the reheat 
diaphragm, and the reheated steam on the opposite side of this dia- 
phragm have been discussed by E. E. Parker (3) in so far as 
uniformity of temperature, etc., is concerned. This design is 
also favorable to the speed-control problem, and can best be 
illustrated with a few typical pressures. Pressure P; at: maxi- 
mum load on a typical 1450-psi installation may be 1100 psig, 
and P; is 400 psig, which equals a 700-psi pressure drop across 
the reheat diaphragm with a subsequent large number-of laby- 
rinth throttlings required to minimize the leakage effectively. 

The instant following the opening of the generator circuit 
breaker with subsequent closing of intercept valve 6, and control 
valve 3, and opening of small intermediate gland leak-off valve 7, 
the pressure P; will have dropped to 450 psig (safety-valve set- 
ting), and Pz is less than atmospheric pressure. It is clear that 
with this turbine arrangement the pressure drop across the 
gland, originally 700 psig, has decreased instantly to approxi- 
mately 450 psi with proportionally reduced leakage, which is 
almost totally diverted to the condenser, thus preventing the 
leakage flow Q, from producing any power. 

The foregoing arrangement effectively bottles up the reheater 
stored steam, and totally diverts the most “critical” leakage 
Q:, which could produce driving power were it allowed to expand 
through the reheat and low-pressure sections of the turbine. 
Leakage flow Q2 from the intermediate leak-off of the exhaust 
of the high-pressure section may be prevented from back flowing 
in at the extraction stage by connecting to the heater side of 
the nonreturn valve. However, the connection can well be 
made in the conventional manner on the turbine side of the non- 
return valve, since the power, which can be generated by Q2, even 
under emergency conditions of greatly enlarged labyrinth clear- 
ances, is still less than the 3600 rpm running losses of a hydrogen- 
cooled generator with field current off. 

On several piping arrangements studied by the writer, with 
the intercept valve 6 placed physically as close to the turbine 
as possible, the stored energy in the pipes between the intercept 
valve and the reheat stage will produce overspeed on the order 
of 1 to 2 per cent. This energy is in no sense a dangerous 
quantity, yet it does approach the permissible limit which can 
be tolerated even with the most rapid types of governing mecha- 
nisms. If the turbine manufacturer is to meet the usual con- 
tract requirement that the unit must not trip the 110 per cent 
emergency-governor setting on loss of maximum generator load, 
it is essential that foundation designs permit the intercept- 
valve location to be given primary consideration. The impor- 
tance of locating the extraction-line nonreturn valves close to 
the turbine has been emphasized by J. W. Barnett, !1 in connection 


eeu “Speed Governing Design Consideration of Condensing Tur- 
bines,” by J. W. Barnett, presented at the October, 1948, meeting 
of the Power Division, AIEKE, Technical Paper 48-280. 
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with peak speeds of nonreheat units when dumping maximum 
load. In the case of reheat units, this factor is equally impor- 
tant. ; 

The author states that on new reheat stations a second inter- 
cept valve 4 on the exhaust of the high-pressure section is being | 
provided in addition to the steam-unloading valve. The purpose | 
of this second large intercept valve is not clear. Such a valve 
4 will not bottle up the steam in the reheater and prevent its flow | 


through the lower stages in case valve 5 should stick open. | 
Although valve 4 would prevent backflow of the bulk of the |ff 


stored steam in the reheater, no benefit results from preventing |] 
this backflow through the reheat-diaphragm-gland labyrinth, |f 
because presumably it would be short-circuited to the condenser 
anyway through valve 8. HF 

This second intercept valve adds major capital cost to the 
plant, introduces another 3/, to 1 per cent pressure drop in the |f 
reheat line, and complicates the speed-governing mechanism. 

The rather novel scheme of omitting the intercept valves en- 
tirely may have merit if applied to slowly accelerating 1800- 
rpm units if the steam-unloading valves were made very large. 
Rough calculations indicate that an 80,000-kw tandem-compound 
3600-rpm unit, accelerating at 12 per cent per sec, would require 
one steam-unloading valve at least 27 in. in diam, and a short 
pipe to the condenser of equal size, in order to limit successfully 
the peak speed to 110 per cent upon sudden loss of maximum load. 
Such a large 400-psi valve would have to be single-seated to insure 
tightness, and certainly presents some mechanical problems in 
order to open this valve in a small fraction of a second. The 
author also mentions the uncertain hazards involved in exploding 
the stored 1200 to 1500 cu ft of 400-psi steam into the condenser. 

Two additional disadvantages of omitting the intercept valve 
are: (a) the elimination of the braking power or high rotation 
losses in the high-pressure element instantly after the generator 
load is disconnected; and (6) the use of a tight-seating intercept 
valve provides a convenient means for hydrostatic testing the 
reheat section of the boiler. 

Such a scheme appears to be a backhanded or indirect method 
of shutting off the steam to the low-pressure elements, when a 
much smaller 18-in-diam intercept valve, placed in the reheat 
line at the expense of less than 1 per cent of 400-psi pressure drop. 
will do the same job directly. 

The writer wishes to endorse heartily the author’s warning 
that plant designers must be on the alert to see that no steam 
drains or by-pass lines are introduced which will put steam 
inadvertently into the low-pressure stages of the turbine. Rela- 
tively small quantities of steam are critical and may render the 
speed of the set uncontrollable. 


H. A. Wacner'™ anp H. E. Macomsper.'® Those interested 
in the design of reheat boilers, and the economics of application of 
reheat to utility steam power-plant cycles will welcome the de- 
tailed treatment of the subject as presented in Mr. Frisch’s 
paper (5). His Fig. 3, showing the steam-generator surface make- 
up and price for both resuperheating and nonresuperheating 
boilers, and Fig. 5 on approximate price per kilowatt for various 
pressure-temperature conditions were particularly interesting. 
The wealth of data submitted merits more careful study than the 
writers were able to devote to the paper owing to the limited time 
before presentation. However, a further explanation of a few 
items would be appreciated. 

The boiler designer doubtless will find Figs. 2 and 3 of para- 
mount importance, but the user is still vitally interested in what 


12 System Engineering, The Detroit Edison Company, Detroit, 
Mich. Mem. ASME. 

13 Production Department, Fhe Detroit Edison Company. Mem. 
ASME. 
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it costs to do the job. The cost comparison in Fig. 5, it is as- 
sumed, is based on a superheater having a combination of radiant 
and convection surface, and a convection-type resuperheater as 
represented by the solid lines, since no steam-generator costs are 
indicated in Fig. 3 for the resuperheating cycle A, with full con- 
vection-type surface at a gas temperature of 2000 F. Forasteam 
generator for 100,000-kw capability, the cost per kilowatt in Fig. 
3 is about the same for the 2000 psi-1050 F cycles A, and A,, but 
for the 1450 psi-1000 F cycle, the cost per kilowatt is less for the 
resuperheating cycle B, than for the nonresuperheating cycle B,. 
In Fig. 5, however, the reverse is true with respect to cycles B,, 
and B,. Does this result from inclusion in Fig. 5 of delivery and 
erection or other costs not covered in Fig. 3, which reverses the 
trend of Fig. 3, or has it been assumed for the 1450 psi-1000 F 
cycle that the full-convection type of superheater was selected? 

Also, if a superheater and reheater of the convection type only 
were considered for a furnace-exit temperature of 2000 F, it 
would appear from Fig. 3 that there would be considerable ad- 
vantage economically to the nonresuperheating cycle B,, as 
compared to cycle B,, where the superheat control range to 0.7 
full load is maintained. For the 2000-psi cycle, no comparison is 
possible for the full-convection superheater and reheater because 
the author indicates it is impractical to build a resuperheating 
steam generator with a full-convection superheater and reheater 
for a furnace-exit temperature of 2000 F. It would appear, there- 
fore, that considerable care should be exercised in selecting the 
basis of comparison between boilers for reheat and nonreheat 
cycles. 

In Fig. 3, again, it is noted that for a furnace-exit temperature 
of 2000 F’, the amount of boiler surface B for the 1450 psi-1000 F 
resuperheating cycle, B, is about 10,000 sq ft, as compared to 
about 23,000 for the nonresuperheating cycle B,,, or less than 50 
per cent. Since the reduction in steam flow for a reheating versus 
a nonreheating 100-mw turbine is only of the order of 15 to 20 
per cent, are these two steam generators strictly comparable? 

This brings to mind the question of reliability and maintenance. 
Corresponding to the reduction in boiler heat-absorbing surface 
in the resuperheating steam generator mentioned in the fore- 
going paragraph, there is an addition of over 20,000 sq ft of re- 
heater surface. Not only is this more expensive surface, but the 
incidence of trouble and maintenance is likely to be greater for 
superheat surface. In addition, higher furnace-exit-gas tempera- 
tures apparently are required in reheat-boiler design with possible 
increased materials troubles. Have sufficient operating data 
been accumulated with resuperheating steam generators of 
modern design and under various operating conditions to indicate 
that reliability and maintenance of resuperheating steam gen- 
erators are on a par with the nonresuperheating boiler? 

The writers again wish to express their indebtedness to Mr. 
Frisch for his detailed exposition on the design of reheat boilers, 
and the indication of the many variables involved in boiler design 
for resuperheating service. 


CuiosurRE oF Paper By C. A. Ropertson (1) 


Before commenting upon the several excellent papers and dis- 
cussions of this Symposium, this author wishes to incorporate for 
the record, his opening remarks on the history of reheating.“ 
These remarks were given preceding the author’s main paper (1) 
and were requested by G. B. Warren as a suitable prelude to the 
papers and discussions. 


Brier Review or REHEATING 


The thermodynamic advantages of reheating steam were recog- 


14 These remarks in elaborated form appear in Mechanical Engi- 
neering, vol. 71, June, 1949, pp. 504-506 and are taken from Allis- 
Chalmers Electrical Review, first quarter, 1949. 
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nized and applied since the early days of the steam engine. The 
first known patent describing a method of steam-jacketing cylin- 
der walls to prevent condensation on inner cylinder walls was 
obtained by James Watt in 1769. Perhaps the first to use re- 
heating by means of live-steam coils in the receivers of compound 
engines was John Bourne, who tells us he employed it in 1859. 

By the turn of the century, many compound engines, prin- 
cipally pumping engines, were equipped with reheaters. Pub- 
lished tests even describe the performance of an air compressor 
with four steam cylinders having three stages of reheating as well 
as four stages of regenerative feedwater treating. It appears that 
reheating up to this time was done by live steam. 

In 1891 Parsons devised and patented a process of interstage 
live-steam reheating in steam turbines by means of cored spaces 
in the diaphragms of a radial-flow turbine. By 1900, a 1000-kw 
Parsons tandem-compound turbine was tested experimentally 
with externally fired reheat between cylinders. A 3000-kw Par- 
sons cross-compound geared turbine-generator unit employing 
both reheating and regenerative feedwater heating was built in 
1916 with reheating achieved by a waste-heat boiler.1® Occa- 
sional development and application of reheating was conducted 
by European engineers up to the early 1920’s; however, only a 
small amount of performance information was published. 

The year 1924 saw installation of 40,000-kw and 60,000-kw 
regenerative-reheating units for steam at 600 psig and 725 deg F. 
These turbines were, respectively, single cylinder with reheat be- 
tween stages and cross-compound with reheat between cylinders. 
Both installations employed separate reheat boilers. 

High-pressure reheat installations of the 1300-psig type were 
first put into service in 1925 and 1926. Exhaust steam in these 
installations was resuperheated in the reheater, an integral part of 
the high-pressure boiler, for further expansion in low-pressure 
units. 

About 1930 both cross and tandem-compound turbines of both 
600 and 1300-psig classes, were in operation or being installed with 
boiler reheat, steam reheat, and combinations of both. In some 
tandem units, the reheating was between stages of the high-pres- 
sure turbine. The first of several installations with the unit ar- 
rangement of boiler and turbine in the 1800-psig class went into 
operation in 1935. 

The advancement of metallurgical knowledge and experience in 
the 1930’s, permitted increases to 1300 psig without exceeding 
recognized limits of moisture at the exhaust. This accomplished 
one of the factors that led to reheating, and resulted in the in- 
stallation of a large number of nonreheat plants. 

Opinion was divided between the use of a simple plant without 
reheat, or the continuation of reheat with its higher thermal effi- 
ciency and cost. However, with the advancing cost of fuel and 
the advent of still higher pressures and temperatures, the reheat 
cycle is again gaining favor. 

It is noteworthy that reheat turbines, incidentally, have been 
used successfully for ship-propulsion service as well as for central- 
station service.'® 


CLOSURE 


In the introduction to his paper (1) the author mentioned that 
operating experience indicates an equal flexibility in performance 


15 ‘*The Development of the Parsons Steam Turbine,” by R. H. 
Parsons, Constable and Company, Ltd., London, England, 1936, 
pp. 19, 55, 139 and 149; also The Engineer, London, England, 
issues from January 5, 1934, to June 22, 1934. 

16 ‘‘\farine Steam Turbine Design for High Pressure High Tempera- 
ture Service,’’ by R. C. Allen, presented at a meeting of the Metro- 
politan Section, The Society of Naval Architects and Marine Engi- 
neers, New York, N. Y., April 28, 1944; also ‘‘Propulsion Steam Tur- 
bines for Great Lakes Vessels,’’ by R. C. Allen, Great Lakes Section 
of The Society of Naval Architects and Marine Engineers, Mil- 
waukee, Wis., May 20, 1947. 
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of the reheat units as compared to nonreheat turbines. He 
stated, “Operating records of these regenerative-reheat steam 
turbines have included base load and varying load operation, with 
frequent start-up and shutdown performance.” 

In reference to Dr. Christie’s question as to how well reheat 
units will operate under frequent starts and stops and often large 
load swings, when modern base-load reheat units are used for 
varying load service, it may be of interest to discuss the experi- 
ence just mentioned on reheat turbines built by the author’s com- 
pany. This also applies to Dr. Christie’s comment relating to 
overheating of the exhaust at light loads. 

The experience referred to in the paper has been on reheat tur- 
bines in two stations; one using separate reheat boilers to operate 
two turbines of 65,000 kw and 115,000 kw, respectively, installed 
in 1930 and 19381; the other, in which two 80,000-kw units in- 
stalled in 1935 and 1943, respectively, are served by unit boilers 
with integral reheaters. These units are of one general type, 
namely, tandem-compound, with the high-pressure and reheat 
elements contained in the high-pressure turbine cylinder, the re- 
heating taking place between stages in the center of this cylinder. 
The steam flow is unidirectional for both high-pressure and re- 
heat elements. The exhaust from the reheat element passes to 
the double-flow low-pressure cylinder. 

In the older station, both units were used for both base-load 
and varying load service, also involving long and short shutdowns 
and frequent start-ups. This was accomplished using separate 
reheat boilers, with the same degree of flexibility as for nonreheat 
units in the same station. Initial steam conditions, however, 
were 650 psig, 750 F, and the exhaust pressure was 1 in. Hg abso- 
lute. Predicted high exhaust temperatures did not occur because 
of the factor of relatively large heat absorption in the metal parts 
of the exhaust area. 

In the newer station with 80,000-kw reheat units of the one- 
boiler-per-turbine type, with steam conditions of the order of 1250 
psig, 850 F at the throttle, 850 to 900 deg F reheat, and 1/ in. 
exhaust pressure, the operating records show performances which 
include base-load operation, varying load from full load to 1/4 full 
load, and also, periods in which frequent shutdowns and start-ups 
were necessary due to load conditions. This station operates in a 
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system where, over week ends, its 80,000-kw reheat units not 
only must carry the base load, but also the regulation and the . 
swings. 

The subject of overheating the exhaust end of the turbine dur. 
ing starting, shutting down and light-load operation, based upon l 
equilibrium exhaust temperatures, becomes more important with) } 
increases in levels of initial and reheat steam temperatures. ! 

This subject was brought up in Mr. Parker’s paper (3) and was] 
followed by comments in the discussions by Professor Christie, fi) 
‘Mr. Drewry, and Mr. Fiala. 

Actually this subject is not so troublesome as it may appear|#! 
when the one-boiler-per-turbine arrangement is used in connec-\f 
tion with reheat cycle because of the flexibility in firing, a neces- |) 
sary characteristic for reheat-turbine operation. The initial |} 
and especially the reheat steam temperature can be reduced, to- || 
gether with the pressure, as is desired during the shutting down | 
and starting-up periods, and also during very light-load opera-;} 
tion, especially below first wide-open-valve load. 

Operating details of this problem of controlling exhaust-steam | ; 
temperatures are given by Mr. Drewry in his discussion. 

During shutdowns of the 80,000-kw reheat units, operating with 
850 F and 900 F full-load reheat steam temperature, the data ob- - 
tained showed exhaust-steam temperatures corresponding to satu- |} 
ration-steam temperatures and were less than 80 deg F. This 
was accomplished by firing the reheat boiler to reduce the reheat 
steam temperature to about 700 F. This affords an easy means 
of meeting the desired exhaust-steam temperatures. 

Emergency shutdowns, with short shutdown periods, have not , 
been troublesome in keeping the exhaust-steam temperature 
within safe limits. Plants designed for high vacuum make it |} 
easier to maintain low exhaust-steam temperatures. 4 

In connection with the arrangement of two steam-unloading jf} 
valves, instead of intercepting valve or valves, for discharging |} 
steam to the condenser following sudden load trip, the author jf} 
stated that the probable drop in vacuum may amount to as much | 
as 6 or 7 in. of mercury. Professor Christie commented that this |} 
would introduce an appreciable interval to recover the full vac- |} 
uum after such an occurrence. |, 

The author agrees that ordinarily where 6 or 7 in. of vacuum 
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would be lost, an appreciable time would be required to recover 
this lossin vacuum. The ordinary case, however, occurs because 
of air getting into the condenser, and reducing the rate of heat 
transfer, in which case considerable time may be required for the 
air pumps to remove this air. 

In case of vacuum drop due to reheat steam-unloading valve 
operation, the conditions are different because the loss in vacuum 
is not due to air but rather due to a large terminal difference re- 
sulting from high rates of steam flow to the condenser, amount- 
ing to 200 and 300 per cent full-load steam flow. As soon as the 
rate falls to normal, the vacuum increases to normal without 
appreciable lag. 

Actual unloading tests, where the instantaneous rate of steam 
flow to the condenser through the steam-unloading valve ap- 
proached 75 per cent of full-load steam flow, the vacuum gages 
showed no appreciable change. The time interval or duration 
was less than 1/2 sec, and the actual quantity of steam was not 
more than 200 Ib. 

In the case of the 80,000-kw reheat-turbine installation, the 
actual quantity of stored steam in the reheater and connected 
piping is about 750 lb of superheated steam. 

The author appreciates particularily Mr. Sheppard’s discussion 
of the merits of single-valve reheat protection, as compared to 


the two-valve protection previded by the author’s company. 

In other words, whether one, or two lines of defense are needed 
against overspeeding from reheat steam is basically the cause of 
the conflict in thinking. 

Mr. Sheppard advocates a single intercepting valve, yet near 
the end of his discussion he admits that intercepting valves can 
stick open. He apparently fails to understand that some of the 
plans described in the author’s paper provide two lines of defense. 

This subject of one versus two lines of overspeed defense is 
covered in Mr. Drewry’s discussion. 

Putting balance-piston or packing leakage into an extraction 
heater past the check valve, as recommended by Mr. Sheppard, 
apparently has poor reliability and economy aspects. 

On the subject of substitution of steam-unloading valves for 
intercepting valves, Mr. Sheppard notes two disadvantages of 
omitting the intercepting valve. The latter disadvantage states, 
“the use of a tight-seating intercept valve provides a convenient 
means for hydrostatic testing of the reheat section of the boiler.” 
For an intercepting valve to be used for hydrostatic testing of the 
reheater, requires another valve in the reheater inlet line, for 
which credit could have been given in discussing the two inter- 
cepting-valve plan. Gate valves are but a minor fraction of the 
cost of intercepting valves. 
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The author agrees with Mr. Sheppard’s statement as to the ad- 
visability of placing the intercepting valve as physically close to 
the turbine as possible, although this may require expensive 
changes in turbine foundation. In this connection, minimizing 
volume of the reheat system could well have been urged, thus re- 
ducing the quantity of steam in the reheat lines and boiler. 

The advantages of using a steam-unloading valve, by-passing 
steam to the condenser, should give an answer to the foregoing 
problem. 

Using Mr. Sheppard’s value of */, to 1 per cent pressure drop for 
one intercepting valve, and calculating its economy aspect for an 
80,000-kw unit, in connection with the suggested scheme of two 
steam-unloading valves with no intercepting valves at all, the 
savings by the latter scheme would be approximately $2500 per 
year, based upon 75 per cent load factor and $0.33 per million 
Btu of steam supplied. This amount capitalized would represent 
an appreciable saving. ; 

In connection with the two parallel steam-unloading valves sug- 
gested in the author’s paper (1), and using certain values given 
by Mr. Sheppard, together with calculations by the author, the 
following answers can be determined: 


Following load trip-out, the steam in the reheat boiler would 
divide in two ways, namely, about 80 per cent would by-pass the 
reheat section of the turbine directly to the condenser through two 
parallel steam-unloading valves, and the other 20 per cent would 
flow through the reheat section of the steam turbine to the cross- 


over. Two valves are used instead of one so as to provide two }} 
lines of defense. | 

Using the values given by Mr. Sheppard in his discussion, | 
namely, an 80,000-kw, 3600-rpm reheat unit with low mechanical |} 
inertia and an accelerating rate of 12 per cent speed rise per sec | 
with full-load torque, the total rise in overspeed would be approxi- | 
mately 10.8 per cent with the two steam-unloading-valve arrange- | 
ment. 

Using a simple method of analysis, let us assume that !/2"sec | 
elapses before steam-unloading valves become effective in¥by-_ 
passing steam to the condenser. Therefore the speed rise will | 
have reached about 6 per cent overspeed. Assume that the”unit | 
will reach 30 per cent overspeed if unprotected by reheat-unload- | 
ing valve or intercepting valves. On the basis that 80 per cent of 
the steam is by-passed, the following calculation indicates the 
speed rise to be expected after the unloading valves have func- 
tioned 


Total rise would be 6 + 4.8 = 10.8 per cent overspeed rise. 
is somewhat in agreement with a more detailed analysis. 
The author is including several figures to complete this closure. | 
Fig. 4 shows a section through a 3600-rpm tandem-compound 
reheat turbine designed along the conventional lines, being used 
by the author’s company. This turbine has the reheat diaphragm 
located in the center of the high-pressure cylinder in which the 


(30 — 6) X (100 — 80) = 4.8 per cent : 
This 
| 
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steam flow is unidirectional, and the reheating takes place between 
stages in the center of the cylinder. 

The temperature difference at the reheat diaphragm and adja- 
cent cylinder structure, during the starting cycle, is less in this 
unidirectional-flow design than in the opposed-flow design of the 
turbine described by Mr. Sheppard. This is due to the inherent 
characteristics of reheat boilers. As the reheat boiler is being 
an up, the temperature rise through the reheating element is 
ow. 

During normal operation, the difference in steam temperature 
between the two sides of the reheat diaphragm is the highest and 
ranges between 250 and 300 deg F. The temperature gradient, 
however, is broken up between two gas films adjacent to the metal, 
and the metal of the diaphragm itself. The temperature gradient 
through the films is relatively high leaving a considerably smaller 
gradient through the metal. Units that are in operation at the 

~ 850 deg F level operate with a temperature difference at the reheat 
_up to 260 deg F, as compared to 320 deg F for a 2000-psig, 1050 
or 1000 deg F reheat installation. 

Another way to reason that this temperature gradient is not of a 
serious nature is to compare it with the temperature gradients ex- 
perienced in existing nonreheat units operating throughout the 

“country. 

Consider the temperature gradient of a nonreheat turbine rotor 
at the high-pressure end where a water-seal gland runner sur- 
rounds the shaft, and where the oil-cooled No. 1 bearing and jour- 
nal are located. In a relatively short distance there is a very 
large temperature gradient from 900 to 1000 deg F to around 200 
deg F, yet not very much concern has been made of this fact. 

In the high-pressure end of a standard steam turbine there 
exists usually a large temperature gradient between initial steam 
temperature and a relatively cool temperature of the metal at the 
extreme end of the turbine cylinder. 

Fig. 5 shows a sectional view of the reheat diaphragm for the 
turbine shown in Fig. 4. It will be noted that the diaphragm is 
of ring construction, bolted together at the horizontal parting 
joint. This type of construction provides freedom for radial ex- 
pansion within the turbine cylinder. This freedom for radial 
expansion jis similar to that provided in the 80,000-kw reheat 
units referred to in the author’s paper (1). These diaphragms 
have a small radial depth. 

The particular diaphragm shown in Fig. 5 was designed for 
high-temperature service in that a special shield is provided on the 
low-pressure side. The leakage steam from the cooler and higher 
pressure side of the diaphragm, after passing a series of labyrinth 
seals, enters the space between the shield and diaphragm and flows 
radially to the circumference where it mixes with the reheated 
steam. By this means the two sides of the diaphragm are kept at 
substantially the same temperature which minimizes any tend- 
ency to warp. The larger temperature differences occur over 
the relatively thin shield which has provision for radial expan- 
sion. 

This view in Fig. 5 also shows the large number of throttlings 
which are provided for in what is termed a relatively short dia- 
phragm by Mr. Sheppard, and which was also a characteristic of 
the diaphragms for the 80,000-kw reheat turbines mentioned in 
the author’s paper (1). 

Fig. 6 is introduced to show how an impulse-reaction turbine 
would have to be built in order to have the admission steam and 
reheated steam at adjacent points in the center of the cylinder. 

In order to take care of all operating conditions, such as, start- 

_ ing, normal-load operation, and the condition following unloading 

_ where the intercepting valve is closed, our study indicates that, in 
order to balance the steam thrust axially, a separate balance 
piston is required for each element. 


TAT 


This type of turbine also requires much more elaborate shaft- 
seal packing at the high-pressure end where the shaft passes 
through the cylinder and at the reheat diaphragm. 

There is a rather large temperature difference at the center of 
the turbine during the starting period where low reheat tempera- 
ture exists. This design does nothing toward simplicity, neither 
in design nor for operation, and the resulting differential expan- 
sions, both radial and axial under all operating conditions, are not 
less than that for the unidirectional-flow design used by the au- 
thor’s company. 


CLosuRE OF Paper By E. E. Harris anp A. O. WuiTE (2) 


Calculations have been made to check Mr. Caldwell’s state- 
ments, and we are unable to determine that it will be possible to 
realize “60 per cent of the increased economy attainable with 
conventional resuperheating.”’ 

When light-load operation is mentioned along with the heating 
of the exhaust, as in Mr. A.C. Christie’s discussion, reference is 
made to about 5 per cent of the turbine rating. Certainly, 5 per 
cent of rating is not usually considered as ordinary operating 
conditions for most installations. 

Mr. Sheppard pointed out a method incorporating use of a 
single intercept valve, not mentioned by Mr. Christie. This 
method has been used by the authors’ company since the first 
two Philo units were installed, as mentioned by Mr. Sporn. 

In a future paper, we hope to present data on gains due to 
reheat at various loads from which economic studies may be made 
at lower loads. 

Referring to Mr. M. K. Drewry’s comments, the question of 
exhaust temperatures at light loads needs no further explanation. 
Tests run in conjunction with the American Gas and Electric 
Service Corporation, as mentioned by Mr. 8. N. Fiala on the © 
2300-lb reheat unit at Twin Branch, showed no evidence of over- 
heating. However, calculations on 3600-rpm units with the 
higher tip speeds indicate that cooling will be required on these 
units. Mr. Drewry is correct in stating that the exhaust can get 
too high in temperature even on nonreheat units at very light 
loads. The exhaust temperature on starting and for light-load 
operation may be controlled readily by means of water sprays 
automatically controlled. His comments on possible troubles 
with desuperheating are interesting. 

Mr. J. N. Ewart in his discussion appears to be fully acquainted 
with all the problems associated with reheat for modern steam 
stations and feels that the reheat station has come into its own 
for the present and for some time to come. 

Mr. S. N. Fiala has been interested in the design, construction, 
and operation of reheat stations for many years. His frank 
opinions should be reassuring to those who have more recently 
taken on reheat installations. 

In reply to Mr. R. W. Hartwell, it was pointed out in the paper 
(2) that the gain due to reheat was predicated upon the assump- 
tion that the nonreheat unit would have a kilowatt exhaust loss 
of 4.5 per cent and, by using the same last-stage annulus area 
with reheat, the reduced condenser flow would give a reduction 
in exhaust loss. Usually the smaller-rated units are not so 
crowded in the exhaust end, consequently do not benefit as much 
from reduction in exhaust loss for the reheat unit over the non- 
reheat unit. 

The efficiency of a unit depends considerably upon the high- 
pressure end volume flow. The smaller-rated capacity units have 
a lower efficiency owing to lesser volume flow, so that any reduc- 
tion in volume flow in the order of 16 per cent for the reheat units 
will cause a further reduction in high-pressure section efficiency. 
Hence, it becomes more difficult to maintain similarity of design. 
We feel that the paper (2) as presented will cover units rated 
50,000 kw and larger, and, for units smaller than the 50,000-kw 
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rating, the gain obtained will be approximately 1 per cent less 
than the paper describes. 

We concur with Mr. Hartwell’s other remarks and feel par- 
ticularly favorable toward more economic studies being made to 
obtain a better idea as to the relation of the proper reheat pres- 
sure. In order to be of assistance in such a study, we are con- 
tinuing our calculations to cover the lower-load operation. 

The gain due to reheating Figs. 9, 10, 11, and 12, in the paper 
(2), is the gain at maximum capacity plotted against reheat pres- 
sure for which the unit is designed at maximum capacity. After 
the reheat pressure has been selected for the maximum capacity, 
the reheater pressure will vary almost directly with the throttle 
flow. However, the gain at any reheater pressure for partial 
loads is different than that shown on the curves in the paper (2), 
Figs. 9, 10, 11, and 12. At partial loads a curve of gain due to 
reheat for a unit designed for a given reheat pressure will intersect 
a gain curve at the reheat pressure for maximum capacity and 
will be similar in shape, without discontinuity, at the lower re- 
heat pressures or partial flows, and will be lower than the locus 
curve of the reheat pressure at maximum load. 

Mr. E. H. Krieg’s remarks on costs and economics of reheat 
versus nonreheat plants are interesting and timely. We sincerely 
hope that more economic studies will be made available as time 
goes on to help clarify the situation. 

- The gains due to reheating as presented in the authors’ paper 
(2) represent the gain in the turbine room, thus including changes 
in turbine performance, heater performance, reduced flow to the 
condenser, along with change in boiler-feed-pump power. No 
account was taken for the reduction in circulating-water-pump 
power or other station auxiliaries or boiler efficiency. If the 
other station auxiliaries and the boiler efficiency remain the same, 
then the gains may be interpreted as per cent gains on the whole 
station heat rate. 

Mr. I. G. McChesney’s suggestion that the top extraction 
point and the reheat point be separate and each at its best pres- 
sure level has been followed in several installations now in prog- 
ress. Here again some economic studies would be valuable, and 
his table of suggested pressures is very interesting. It is the 
authors’ intention to continue their studies in an endeavor to be of 
assistance in deriving such economic data. 


CLOSURE OF PaPER By E. E. Parker (3) 


The material presented by the various discussers constitutes a 
valuable addition to this symposium on the reheat cycle. This is 
particularly true as the discussions in large part are based on 
over-all station operating experience with existing reheat installa- 
tions and the experience to date on the design of new reheat in- 
stallations. It is reassuring to note throughout the discussions 
that this experience has been favorable and no serious drawbacks 
encountered. 

A few points raised in the discussions deserve brief comments. 
The proposal of Mr. Caldwell for resuperheating the steam within 
the turbine by extraction of steam from a higher stage has been 
studied and the result of this study presented in a discussion at 
the Annual Meeting in 1947. Briefly, we are unable to agree 
with the gain in efficiency claimed by Mr. Caldwell even assum- 
ing adequate heat-transfer area within the turbine to allow the de- 
sired amount of resuperheating. According to our study, the 
gain is insufficient to justify the consideration of this scheme, 
Actually when the physical conditions necessary to provide ade- 
quate heat-transfer area are taken into consideration, the gains 
become even less. | 

Considerable divergence of opinion exists as to the proper way 
of protecting the turbine against overspeed due to the steam 
stored in the reheater, This is an important problem and de- 
serves full consideration. As pointed out in the author’s paper 
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and also by Mr. Sheppard in his discussion, this has been success- | 


fully met on the large number of reheat turbines supplied by the 
author’s company through the use of a single intercept valve. 


Such an arrangement gives adequate protection consistent with 
that provided on a nonreheat installation and provides the | 
Simplicity of control is important 


greatest simplicity of control. 
in reducing the operational objections to the reheat cycle. It is 
perhaps not fully appreciated that most nonreheat installations 
include possibilities for re-entry of sufficient steam into the tur- 
bine from the extraction system to cause overspeed of the same 
magnitude as the steam from the reheater, Nonreheat installa- 


tions are carefully reviewed to provide adequate protection | 


| 


against the re-entry of steam in the form of free-swinging or posi- | 


tive-closed check valves. 


valves. The use of the single intercept valve has none of the ob- 


jections raised by Professor Christie against the methods which he 


describes to accomplish this function. 


Professor Christie points out the operation of a nonreheat in- | 


stallation is simpler and for this reason may be chosen in prefer- 
ence to a reheat installation where loads are variable. 
ditions involving frequent starting and stopping this is un- 
doubtedly true, but it should not be overlooked that for the varia- 


tions in loads usually considered on central-station systems reheat. 


installations have proved satisfactory. For information on the 
satisfactory performance of a reheat installation on very rapid 
variations in loading, attention is called to a paper by V. F. Est- 
court entitled “Design and Operating Problems With Gas and 
Oil-Fired Boilers for Stand-By Steam Electric Stations,” ASME 
Transactions 1937, vol. 59, paper No. FSP-59-1. 

Mr. Krieg has compared Preferred Standard turbine generator 
units with nonpreferred units on the basis of nameplate rating 
rather than on the basis of capability. The author dose not feel 
that this represents a true comparison. 


The single intercept valve meets the — 
same standard of protection as used in the design of such check | 


For con-_ 


Preferred Standard turbines have been purposely designed with | 


capability of 10 per cent greater than the nameplate rating 
whereas the nonpreferred standard turbines have 25 per cent. 
When both the turbine capability and generator capability are 
taken into consideration the cost differentials between preferred 


standard and nonpreferred standard units would be reduced to | 


approximately one fourth the values stated by Mr. Krieg. 
When compared on this basis many purchasers have found it 


economical to select reheating for units within the Preferred | 


Standard range of sizes. 


CLOSURE OF Paper BY Martin Friscu (5) 


In closing, the author of paper (5) wishes to express his appre- | 


ciation and thanks to those who have taken the great trouble to 
prepare written discussions and to those others who have raised 
questions from the floor about his paper. 
and questions are, perhaps, more interesting and useful than the 


paper itself because they reveal the character of the reflective | 
thinking applied to the estimation of the debits as well as credits 


of resuperheating. 


It has probably escaped few who have listened to these papers on 
resuperheating that the difficulties and debits, real as they are, do 
not seem as serious to those who have installed and operated re- 


superheating units as to those who have just been thinking about 
them. 


The problems of quick starting and emergency-load loss are not 


belittled in any of the papers or discussions. But, as brought out 


in discussions by Mr. Sporn, Mr. Ewart, Mr. Fiala, and Dr. | 
Christie, the safety of the turbine seems to be of no less concern | 
than the safety of the steam-generating unit in emergencies. | 
In this author’s opinion a resuperheating steam generator, — 


These discussions | 
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whether employing convection superheaters and resuperheaters 
or radiant superheaters and resuperheaters. can be made as safe 
during emergencies as units of the nonresuperheating types with 
little if any added complication. 

Mr. Drewry’s data summarizing experience with radiant 
superheaters and resuperheaters totaling over “500 superheater 
years” with negligible difficulties should give heart to those who 
will wish to avail themselves of the advantages of resuperheating 
with slagging fuels without accepting the higher furnace-exit 
temperatures necessary for any considerable control range with 
exclusively convection arrangements. The ability to handle all 
locally available low-cost fuels without the need to be selective is 
important if the economies of resuperheating installations are to 
be realized over their entire life, even when base-loading them 
ceases to be desirable. Reasonably low-priced units, employing 
radiant superheating surfaces, can be designed for slag-free opera- 
tion with the poorest fuels. 

Messrs. Wagner and Macomber in their discussion raise ques- 
tions about a seeming inconsistency between prices as read from 
Figs. 5and 3. The prices in Fig. 5 and Fig. 3, except for the small 
effects resulting from drawing smooth curves through the points, 
are consistent, as may be seen from Table A of this closure. 


TABLE A STEAM-GENERATOR PRICE 


(Dollars per kilowatt for 100,000-kw capability unit, 2000 F, gas to super- 
heater 70 per cent control range) 


Cycle ANG An Br Bn 
BO IIE ONG De tens. ciety a eeiteveid-esci are oi. 19.50 19.40 17.90 17.20 
From Fig. 3: 
Combination radiant and 
convection superheater....... 19.502 19.40 18.20 18.70 
Convection superheater, 
standard firing.............. Impossible 19.40 18.00% 17.25% 
Differential firing.............. Impossible 18.90 17.00 17.05 


® Fig. 5 based on figures marked with 2. 


In Fig. 5, cycle A,, prices are based on units including radiant 
superheaters since the required primary steam temperature of 
1050 F could be maintained down to 70 per cent of full load, with 
no other arrangement with a gas temperature of 2000 F to the 
superheater. Prices for other cycles in Fig. 5, are for units having 
exclusively convection superheaters and resuperheaters which, 
with the gas temperature of 2000 F at the superheater and with 
standard firing, can maintain the required steam temperature 
down to 70 per cent of full load. For these cycles, somewhat 
lower prices would be possible with differential firing as may be 
seen from Table A. Perhaps, it might have been better if the 
prices plotted in Fig. 5, had been the lowest from Fig. 3, for each 
of the cycles. If this had been done, prices of resuperheating 
units for cycle B, would have been just a shade lower than for the 
corresponding units for the nonresuperheating cycle B,,. 

Fig. 3 shows that, for the same operating conditions and fuel 
specifications, it is not advisable, as suggested by Messrs. Wagner 
and Macomber, to compare prices only of units with exclusively 
sonvection superheaters and resuperheaters or, alternatively, of 
units including radiant surfaces. What is wanted is the lowest- 
priced unit, irrespective of the arrangement, which will meet the 
sonditions and specifications. 

The difference in the boiler surface B from Fig. 3, with 2000 
F gas temperature for cycles B, (10,000 sq ft), and B,, (23,000 sq 
t) comes about from the fact that both units with radiant super- 
yeating were designed for the same unit exit-gas temperature. 
[herefore, 13,000 sq ft additional boiler surface had to be used in 
he unit for cycle B, to compensate for the effect of the resuper- 
jeater and the smaller gas quantity on exit-gas temperature of 
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the B,-cycle unit. For the same reason, in the corresponding all- 
convection superheater and reheater units with 2000 F gas tem- 
perature, no boiler surface at all was necessary for either the B,, or 
B, cycle. But it was necessary to use much more economizer 
surface with cycle B, than with cycle B,. In all cases the surfaces 
are based on actual steam flows required for the 100,000-kw 
turbine capability as shown in Fig. 1. 

It is true, as Messrs. Wagner and Macomber point out, that, in 
resuperheating units, more metal works at high average metal 
temperatures than in nonresuperheating units. This, naturally, 
has an effect on life, reliability, and availability, but, with proper 
design, resuperheaters can be designed to equal superheaters in 
these requirements. 

It was gratifying that Mr. Krieg and Mr. Rowand were both 
able to confirm the conclusion that resuperheating steam gen- 
erators cost little if any more per kilowatt than nonresuperheating 
units for the same primary-steam and fuel specifications. 

Mr. Gaffert’s question as to whether resuperheating units 
could be considered economical for conditions existing in the 
Middle West, where many units would necessarily have to be 
smaller than 50,000 kw, cannot be answered from the studies on 
which this paper is based. This paper shows the effect of size on 
steam-generator price only down to 50,000 kw, and complete 
plant studies for the actual conditions would have to be made to 
determine whether resuperheating would pay. 

Mr. Donworth’s question as to whether the gains in efficiency 
from resuperheating could not be more easily matched by more 
regenerative feed-heating cannot be answered by this study which 
considered only the effects of design conditions on steam-gen- 
erator prices. Mr. Donworth also questions the propriety of 
drawing smooth price curves for each of the cycles from capa- 
bilities of 50,000 to 150,000. He is, of course, correct in raising 
this question, and the curves should have steps or discontinuities. 
It was found that these could be smoothed out without affecting 
the conclusions, and this was done for convenience. 


CLosuRE or Paper By W. H. Rowanp, A. E. Raynor, AND 
F. X. Gilg (6) 


The authors of this paper (6) are glad to have had an oppor- 
tunity of contributing information from their reheat-boiler ex- 
perience to this symposium on the reheat cycle. 

Regarding the possibility of using radiant superheaters and 
reheaters, we would like to point out that radiant superheaters 
and reheaters have been built and are operating successfully. 
However, our observation has been that to avoid the additional 
operating considerations necessary to provide high operating 
reliability with radiant superheaters, many users prefer the more 
flexible convection superheaters and reheaters for the present 
level of temperatures. However, when still higher steam-tem- 
perature levels become practical, radiant superheaters may be 
used more generally. 

Disregarding any theoretical considerations of the temperature 
of gases entering the convection section required to prevent 
slagging difficulties, there are dozens of boilers operating success- 
fully without slagging trouble, using the worst midwestern coals, 
with actual gas temperatures entering the convection section of 
2100 F to 2300 F. Of course, these jobs have widely spaced 
tubes, shallow tube banks, and modern mass-action soot blowers. 
The reheat units described by Mr. Gilg (6) are designed to the 
same furnace factors successfully proved in operation by these 
many installations. 
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